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ABSTRACT
The abundance of discovered exoplanets show that our solar system may not be typical. We
have several small rocky bodies close to our star, surrounded by large gaseous planets farther
out, all on nearly circular orbits. In contrast, exoplanetary systems have been revealed to have
extraordinary features: massive gas giants have been discovered both exceptionally close to their
star (so-called “hot Jupiters”), as well as much farther away than thought possible (hundreds
to thousands of times farther than Earth is from the sun); the average exoplanet’s orbit is not
circular, but quite elliptical, with an eccentricity of 0.2. These features may be connected: it is
possible that undiscovered far-separated giant planets could disrupt the orbits of inner planets.
We performed direct imaging surveys of nearby stars using the Spitzer space telescope, making
use of advanced point spread function subtraction techniques, to look for giant planets or brown
dwarfs in the typical range of 10-100 projected AU (using IRAC’s sub-array mode) and 100-
1000 projected AU (using IRAC’s full array). We found several infrared-color-selected potential
companions around HD 76151, HR 8799, GJ 86, HD 160691, and GJ 581. These will require
follow-up observations to test for common proper motion and confirmation of spectral type.
1CHAPTER 1. INTRODUCTION
The oldest questions in the world have been pondered by individuals looking at the night
sky: “Why are we here?” and “Are we alone?”1. We still do not have good answers. We have
only observed life to exist on Earth, but it’s tenacious, existing in every corner of Earth, in
every possible environment, from the hottest deep-ocean thermal vents (Corliss et al., 1979) to
the coldest Antarctic ice (Christner et al., 2014). Given the incredible variety and adaptability
of all the life we have discovered, it seems implausible (e.g. Sagan 1963, Ksanfomality 2004)
that such wonder would be confined to one small planet around a single middle-aged (Bonanno
et al., 2002) star.
Perhaps life exists in forms unfathomable to us (Shostak, 2010); it would be nearly impossi-
ble to develop methods for finding and communicating with any form of life di↵erent from our
experience. So, we search for easier answers: “Is our solar system typical?”, “How common are
planets like ours, that are habitable to life like us?”, and “How do the arrangement of planets
in a star system a↵ect the stability of orbits and, by extension, their potential habitability?”
1.1 Planet detection techniques
To begin to answer this last question, we first need to know what exists. Since the first
planet around another star was discovered almost 25 years ago (Wolszczan and Frail, 1992),
3,437 planets in 2,571 planetary systems have been found2. Detecting them is an interesting
challenge, and there are many techniques. The most prolific have been the transit and radial
velocity methods.
1and “...is it going to rain?”
2http://exoplanet.eu, as of June 20, 2016
2Figure 1.1 A cartoon of the observed brightness of a star dimming as its planet passes in front.
(Image courtesy NASA)
1.1.1 Transit method
If the system is aligned edge-on to our field of view, we can watch the star’s light dim
as the planet crosses in front, and it is using this technique that the Kepler planet-hunting
mission (Borucki et al., 2010) has been wildly successful (Coughlin et al., 2016). Kepler is
a space telescope designed to continuously measure the photometry of 145,000 stars in the
constellations of Cygnus, Lyra, and Draco, waiting for the periodic dimming of light produced
by a planet passing in front of its star (see Figure 1.1). Not only can we deduce planet
orbital periods by watching for brightness dips at regular intervals, but we can also determine
the planet’s physical size relative to the star (Charbonneau et al., 2007). Through careful
examination of the spectrum of the system as the planet begins and ends the transit, its
atmospheric composition can even be determined (Barman et al., 2015).
1.1.2 Radial velocity method
Each planet in a system causes an o↵set of the center of mass from the center of its host
star, with bigger and closer planets causing a bigger reflex action (”wobble”) as the star orbits
the center of mass3. This manifests as Doppler-shifted spectral lines (Doppler, 1842), which
3In addition to radial velocity, it is possible to detect this reflex action through extremely careful observation
of the star’s position (see Muterspaugh et al. 2010)
3can be observed by carefully watching the spectrum of the star over long times. This enables
detection of planets that do not cross the face of the star and can be used to confirm planets
suspected from Kepler light curves. It is also possible to discern the direction of orbital motion
relative to the rotation direction of the star using the Rossiter-McLaughlin e↵ect (Rossiter 1924,
McLaughlin 1924): the star’s rotation causes Doppler widening of its spectral lines, so a planet
orbiting around the star in the direction of stellar rotation will first block the blue-shifted light
coming from side of the star “coming at” us (making the spectral bands temporarily more red),
then it blocks the red-shifted light from the side “going away from” us (making the spectral
lines temporarily more blue). A planet orbiting contrarily to the direction of stellar rotation
will produce the opposite e↵ect.
1.1.3 Selection e↵ects from RV & transit methods
Large planets on close orbits tug harder on their parent stars, and block more light during a
transit, so these have been preferentially detected over small, far-separated planets. Lowering
the mass detection limit can be accomplished by improving instrumental sensitivity (e.g. Lovis
et al. 2006b); however, because multiple orbits have to be observed with either of these methods,
the time required to detect a planet more than a few AU from its parent quickly becomes
impractical. Therefore, these methods are extremely powerful for detecting large planets close
to their parent stars, but are not suitable for widely-separated planets. As our goal is to detect
planets far away from their parent star, high-contrast direct imaging remains the best option,
which will be discussed in Section 1.6.
1.1.4 Microlensing
Another method of discovering exoplanets is through gravitational microlensing. This tech-
nique uses the fact that the gravity of a massive object (in this case, a planet) passing in front
of a bright star will focus the light from the star due to general relativistic e↵ects (Einstein,
1936), causing it to appear to momentarily brighten to a lucky observer in the line of sight.
So far, microlensing has detected 46 confirmed planets4. While this is fewer than the transit
4http://exoplanets.eu as of June 20, 2016
4and RV methods discussed so far, microlensing also does not share their parameter space lim-
itations, can even detect free-floating planets (e.g. Collaboration 2011), and seem to indicate
that planets are extremely common (Cassan et al., 2011).
1.2 Planet formation
Stars begin their lives as giant molecular clouds that slowly coalesce into clumps under their
own self-gravity (Cameron, 1962). These clumps will each become one (or many) stars, but not
before flattening out into a disk due to conservation of angular momentum and dissipation of
kinetic energy. This disk stage is crucial for planet formation, because the circling disk around
the protostar is what provides mass to form planets. Once fusion turns on at the core of the
protostar, its light and stellar wind begins to disrupt the disk (Haisch et al., 2001).
Two methods have been proposed to describe planet formation: core accretion and gravi-
tational instability.
1.2.1 Core accretion
Core accretion describes planets forming as aggregates of small particles built up over time
through collisions (Pollack et al. 1996, Gibbons et al. 2015). First, gas and dust particles stick
together to form centimeter-sized and then meter-sized clumps, which build to kilometer-sized
planetesimals, to Mars-sized objects called “oligarchs”, and finally to planets through enormous,
world-changing collisions. Our moon is thought to have formed as a result of a collision of
proto-Earth with one of these wandering oligarchs (Cameron and Benz 1991, Herwartz et al.
2014).
In this description, giant planets form beyond the “snow line” (Sasselov and Lecar, 2000),
being far enough away from the hot protostar that volatile materials like water freeze into
solids, making them easier to clump together. Once a forming planet exceeds about 10 Earth
masses (Hayashi, 1981), its gravity is strong enough to hold onto gaseous hydrogen and helium.
It then goes through a period of runaway growth, eating up all of the available mass in its
orbit. The planet can migrate until it runs out of disk: gaining mass causes drag against the
disk, which slows the protoplanet to the disk velocity at that radius, causing it to move inward;
5see Lin and Papaloizou 1986. Terrestrial planets, on the other hand, form closer to the star
(Lissauer, 1987).
Until the 1990s, core accretion models appeared su cient to explain the structure of our
solar system. Two discoveries have put this into question: The variety of distributions of small
and large planets around other stars, with ”hot Jupiters” inside the snow line means planets
don’t necessarily form where we find them. Also, there are some indications that the cores of
giant planets may be substantially smaller than is needed for accretion (for Jupiter, possibly 0
to 11 Earth masses: Saumon and Guillot 2004), or bigger than one would expect if a critical
size of 10 ME triggers accretion (as much as 16 Earth masses: Militzer et al. 2008). We may
soon have an accurate number, as the Juno mission to Jupiter aims to measure its core mass
(Bolton and the Juno Science Team, 2010).
1.2.2 Gravitational instability
The theory of gravitational instability does not require large core masses to form giant
planets. Instead of the bottom-up approach of random collisions slowly increasing the size of
particles from grains on up to planets, gravitational instability theory describes giant planets
forming “top-down” sort of like little stars (in fact, Kratter et al. 2010 suggest that any planets
formed by gravitational instability are actually failed binaries). Given the right conditions of
high disk density and low temperature (resulting from fast cooling, which can only happen far
away from the protostar, e.g. Rafikov 2009), the gas in a massive enough disk will experience
self-gravitation that causes it to coalesce into a clump, and from there into a planet (Boss,
1997). This process would happen much faster than core accretion—on the order of thousands
of years—and could generate planets from several Jupiter masses up to the brown dwarf regime.
1.2.3 Orbits, migration, and eccentricity
Both gravitational instability and core accretion describe planets forming in circular orbits.
Interactions between planets can a↵ect the distribution of planets in a forming system (Ida
et al., 2013); a larger planet can send a smaller one careening through its stellar system,
perhaps even achieving escape velocity in extreme cases (Chatterjee et al. 2008 & Ford and
6Rasio 2008). Less-dramatic, secular e↵ects are more common, like certain orbital distances
made unstable because of orbital resonances. Jupiter, for example, causes unstable orbits
in the asteroid belt whose orbital period represents small-integer ratios with Jupiter’s (Peale
1976, and also Saturn’s: Nesvorny´ and Morbidelli 1998). There is an e↵ect known as the “Kozai
mechanism” (Kozai, 1962), which involves an oscillation between the inclination of an orbit and
its eccentricity, caused by secular interactions with a larger object orbiting farther out.
1.3 Brown dwarfs
Brown dwarfs occupy the mass region between planets and stars. The line between brown
dwarfs and stars is clear: stars can fuse hydrogen into helium in their cores, and brown dwarfs
cannot. They lack the mass necessary (about 80 MJ) to compress their cores down to a high
enough pressure and temperature (some 3 million Kelvins) to fuse two protons (hydrogen nuclei)
into a deuteron (a ”heavy” hydrogen nucleus made of a proton plus a neutron). Because of
this, brown dwarfs slowly cool o↵ after formation as they condense under their own weight,
and would appear to human eyes much like massive magenta planets (Burgasser, 2008).
There is debate (Chabrier et al., 2014) over whether there is actually a boundary between
“planets” and “brown dwarfs”: the dividing line is usually determined to be whether the object
ever gets massive enough to fuse its primordial deuterium (it’s much easier to fuse a proton
together with a deuteron to make helium-3 than it is to fuse two protons). But some bound
objects that presumably formed like “planets” do approach the D-burning mass, and some
free floating objects might sink below it from the brown dwarf side. We can’t even use size
to distinguish the two: are all approximately the same radius as Jupiter (Burgasser, 2008).
Chabrier et al. (2014) argue that because of the lack of any discernable line, we should simply
call a substellar mass object a “planet” if it orbits a star; any free-floating substellar objects
should then be denoted as “brown dwarfs,” regardless of mass.
1.3.1 Brown dwarf spectral types
We classify stars by their temperature (“spectral type”: O, B, A, F, G, K, M, from most
to least massive, hottest to coldest, Cannon and Pickering 1901). This can be extended to
7brown dwarfs. The hottest brown dwarfs join the tail end of the stellar sequence, starting with
M, and then decreasing in temperature to L, T, and Y spectral types (see Kirkpatrick 2005,
2012). As temperature decreases, individual atoms in the atmospheres of brown dwarfs are
able to bind together to form molecules. M dwarfs exhibit TiO absorption lines. Absorption
lines from sodium and potassium increase with decreasing temperature from L to Y. L dwarfs
are characterized by these as well as metal hydrides. T dwarf spectra have strong ammonia
and methane absorption features, with water absorption growing in importance. Y dwarfs may
have water clouds.
1.4 Curious properties of exoplanetary systems
Now that we are starting to have a census of planet systems, it seems that the average
exoplanetary system may be dissimilar to ours (see Figure 1.2). Part of this is a selection
e↵ect, as transit and radial velocity methods are most sensitive to close-in, massive planets;
as instrumentation improves and observing time increases, smaller planets on wider orbits will
be detectable. Equally interesting are the novel exoplanet-system features that have been
discovered, like hot Jupiters, widely separated planets, and highly eccentric planets.
1.4.1 Hot Jupiters
Prior to radial velocity surveys, we had no idea it was possible for a Jupiter-mass planet to
orbit closely to its star (a so-called “hot Jupiter”: Mayor and Queloz 1995). Planet formation
models have these objects forming out beyond the “snow line”: the part of the protoplanetary
disk cold enough for water to be a solid, with enough available mass to form giant planets
(Sasselov and Lecar, 2000). The assumption was that there is insu cient mass in the proto-
planetary disk at such a small radius from the star to form giant planets, so they must have
formed somewhere else and migrated inward, disrupting the orbits of inner planets (see, for
example Nagasawa et al. 2008, Naoz et al. 2011). However, Boley et al. (2016) suggest that
hot Jupiters could have formed in situ, and detections of inner planets in a hot-Jupiter system
(Becker et al., 2015) would seem to suggest that this can occur.
8Figure 1.2 A plot of log semi-major axis versus log mass of all known planets from
http://exoplanet.eu as of June 20, 2016. Solar system objects are labeled by name. Exoplanets
are shown as blue X marks, overlaid with our approximate subarray (green) and full-frame
(purple) sensitivities.
91.4.2 Widely separated planets
Another surprising discovery made through direct imaging is that planets can orbit hundreds
or even thousands of AU (e.g. Luhman et al. 2007, Bailey et al. 2013, Kraus et al. 2013, Bowler
et al. 2014, Ireland et al. 2010, Aller et al. 2013, Naud et al. 2014) from their stars. Vigan
et al. (2012) estimate that giant planets occur as companions to A stars with a frequency of
5.9%–18.8% and brown dwarfs occur as companions with a frequency of 2.0%–8.9% (within
their parameter space of 3–14 MJ , 5–320 AU).
Brown dwarf companions are rare, as is finding any companion beyond 100 AU. Of the
more than 3,400 confirmed exoplanets, only 33 have a semi-major axis > 100 AU , only 41
exoplanets have a mass in the brown dwarf range of 25–80 MJ (although Chabrier et al. 2014
argue that the line between giant planet and brown-dwarf-companion is nonexistent), and 5
are both. Thus, any new information about this parameter space is important.
1.4.3 High eccentricity exoplanets
Though the average planetary orbit in our solar system is nearly circular (mean e=0.06
for the 8 planets), this is not true for the exoplanets so far discovered, which have a mean
eccentricity of 0.175 (including all sources with an eccentricity value given, or 0.216 if we restrict
the average to only those measurements with uncertainties provided). This is comparable to
the planet Mercury, whose orbit takes it almost 50% farther away from the sun compared
to its closest approach (Mazarico et al., 2014). In the case of Mercury, this is thought to
result from gravitational interactions between the sun, Mercury, and the rest of the planets
(e.g. Ward et al. 1976, and may not be indefinitely stable: Lithwick and Wu 2011). Does the
observed eccentricity of exoplanetary orbits result from similar interactions among planets? If
so, then why are the highest-eccentricity orbits found mostly in single-planet systems (76%7
of planets with e > 0.5 detected as single planets)? Does this imply the presence of so-far
undiscovered planets outside the parameter space of time-baseline surveys? Or perhaps was
there a scattering event in the system’s past that altered planetary orbits, or even caused one
5http://exoplanet.eu, as of June 20, 2016
6http://exoplanet.eu, as of June 20, 2016
7http://exoplanet.eu, as of June 20, 2016
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object to be ejected from the system? The latter option would be di cult to prove, requiring
blind surveys for free-floating planets and somehow connecting them with their birth systems.
Instead, assuming the former option, can we detect these far-separated objects with methods
that do not require timescales comparable to the orbital period? This is the motivation for our
two survey campaigns (CHAPTERS 2 & 3) conducted with the Spitzer Space Telescope.
1.5 Observing campaigns
We conducted two observing campaigns to search for widely separated substellar-mass com-
panion objects around nearby stars. These objects are interesting in their own right, and so
few are known that any detection would be interesting. If they are common around stars with
highly eccentric planets, this could point to an explanation through secular interactions: a
more-massive planet on a wide orbit perturbing the orbits of inner planets. If no massive wide
companions are observed, this puts constraints on the parameter space available for perturbing
objects: for example, if no planets larger than 2 MJup are found outside of a 5 MJup planet on
an eccentric orbit, then we can rule out secular perturbations causing its eccentricity.
Our first campaign (CHAPTER 2) specifically targeted nearby (within ⇠15 pc) stars known
to have radial-velocity-detected planets. Some of those targets have high-eccentricity planets
(see Table 2.1 for their properties). To avoid saturation and ensure the smallest possible inner
working angle (10–2500; 50–300 projected AU), we used IRAC’s 32x32-pixel “subarray” mode
to acquire 0.08 sec integration time exposures.
Our second campaign (CHAPTER 3) used IRAC’s full frame mode to look for companions
with a typical separation of 200 to 2000 projected AU, targeting young (<1 Gyr), nearby
(<15 pc) stars, some of which possess debris disks (see Table 3.1). Also included in this sample
was HR 8799, host to four giant planets (Marois et al. 2010, Marois et al. 2008) and a large
debris disk (Su et al., 2009).
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1.6 High contrast imaging
Direct imaging of planets in our solar system is possible by either telescope or space probe.
However, direct imaging of planets outside of our solar system has only become possible in
recent years with advancements in telescope and detector technologies (starting with the first
directly imaged exoplanets, 2M1207: Chauvin et al. 2004, and   Pic: Lagrange et al. 2009, and
more recently the incredible results from the Gemini Planet Imager: Macintosh et al. 2014). In
visible (optical) light, planets are visible only because they reflect light from their star. Light
from its parent star goes out in 4⇡ steradians to the orbital distance of the planet, where it
intersects the circular cross-sectional area of the planet. The farther the planet from its star,
the smaller its subtended solid angle, and the less light can be reflected into space, into 2⇡
steradians (see Equation 1.1). Thus, the ratio of the scattered light from a planet to the light
from its star decreases with both the size of the planet and its semi-major axis:
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where L  is the luminosity of the star, Rp is the radius of the planet, A is its albedo, Dp
is the distance from the planet to its star, and Dobs is the distance from the observer to the
system. The angular distance between the planet and its star also decreases with distance from
the observer, so the light from the planet quickly gets overwhelmed by the light from the parent
star. To have the best chance of resolving an exoplanet, we would want to observe it during
its greatest separation from its star, but then we would only see half its reflected light. To an
outside observer at 10 pc, the contrast ratio between Jupiter and the sun is ⇠ 10 9, with a
separation of 0.500. The same object at a semimajor axis greater than 140 AU (1400) would have
a contrast ratio less than 10 12:
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That is, to detect one photon of optical light from the planet requires rejecting one trillion
photons from the star.
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Figure 1.3 A demonstration of the di↵erence between star/planet contrast ratios from scattered
light compared to thermal emission. Horizontal purple lines show the ratio of starlight to the
scattered light from the planet (see Equation 1.1). The curves show the ratio of blackbody
emission from the star (6000 K parent is solid, 3000 K parent is dashed), compared to the
planet, for a range of temperatures (cyan: 2700 K, blue: 900 K, red: 300 K, brown: 100 K).
Planets are hard to detect in the optical because we must rely on scattered light: objects that
are comparable in brightness—like a binary system—are much easier to detect even at relatively
close separations. While planets aren’t nearly hot enough (though there is some discussion of
whether an object capable of deuterium fusion might be able to be called a “planet”: Mollie`re
and Mordasini 2012, Bodenheimer et al. 2013) to glow brightly in the optical, they emit light
in the thermal infrared (especially if they are still young and are vigorously converting their
gravitational energy to light). The peak emission of stars is in the optical, and drops sharply
towards the infrared (Wien, 1896). The combination of these two e↵ects means that the thermal
infrared contrast ratio is far more manageable. As shown in Figure 1.3, the contrast ratio at
3.6µ m between a blackbody at 300 K to one at 6000 K is ⇠ 10 5—and can be overcome by
means of advanced point spread function (PSF) subtraction techniques (Marengo et al. 2009,
CHAPTERS 2 & 3).
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To perform our method of PSF subtraction requires a thermally stable detector with a
linear response, capable of recording photons in the mid-infrared with the shortest exposure
time possible (this means reducing telluric absorption—by Earth’s atmosphere—as much as
possible).
1.6.1 Spitzer/IRAC
The Infrared Array Camera (IRAC, Fazio et al. 2004) on the Spitzer Space Telescope
(Werner et al. 2004, Figure 1.4), was designed to fit all of these requirements. Being space-
borne, it is both cold and completely outside of Earth’s atmosphere, making it possible for low
background noise detection of infrared photons, limited by detector saturation. By contrast,
ground based telescopes are limited by telluric absorption and the background introduced by
atmospheric thermal emission, requiring longer exposures than IRAC. IRAC’s wide field of
view (50x50) makes it ideal for surveys for widely separated companions (e.g. Luhman et al.
2007, Janson et al. 2015, Carson et al. 2011) compared to ground-based telescopes.
To eliminate the need for station keeping and avoid the thermal fluctuations that result from
the day/night cycle of Earth orbit, Spitzer is on a heliocentric, Earth-trailing orbit (Werner
et al., 2004). Before it ran out of coolant, Spitzer had two additional instruments: IRS, an
infrared spectrometer (Houck et al., 2004), and MIPS, a far-infrared photometer/imager (Rieke
et al., 2004). Cryo-mission IRAC operated near 15 K Hora et al. (2012) and had four bands:
5.8 µm and 8 µm as well as the 3.6 µm and 4.5 µm it has now. Since exhausting its coolant
in 2009, it has become too warm to be able to see in the longer wavelengths (the background
level from thermal emission from the telescope itself became too high for these to distinguish
any sources), and started the “warm” mission at a comparatively balmy 30 K. This change has
widened IRAC’s PSF slightly from a FWHM of 1.66 (1.72) pixels to 1.94 (2.02) pixels in 3.6µm
(4.5 µm, respectively)8 (see Figure 1.1) and resulted in changes to the shape of the PSF (see
Hora et al. (2012)).
The In-Sb detector has a linear response up to 10,000 counts in 3.6 µm and 12,000 counts in
4.5 µm (Monson et al., 2012); at IRAC’s shortest exposure cadence, all but the innermost pixels
8http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/5/
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Table 1.1. IRAC image quality properties
Channel FWHM (mean;00) Pixel size (00)
1 1.66/1.95 1.221
2 1.72/2.02 1.213
3 1.88 1.222
4 1.98 1.220
Note. — All data from Table 2.1
in the IRAC Instrument Handbook
(http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/5/)
avoid saturation: the point at which the charge held by a pixel no longer increases linearly with
the number of photons striking it. Saturation causes other e↵ects such as charge spilling into
other parts of the detector, discussed in Sections 1.6.3.1, 2.3 and 3.3.
1.6.2 Data analysis
1.6.2.1 Point spread functions
Almost9 every star except the Sun is so far away from Earth that it acts as a point source of
light when viewed through a telescope (see Figure 1.5). That is, stars subtend an angle less than
the telescope’s di↵raction limit (✓ = 1.22 D ). On the detector, a star appears as a “point spread
function” (PSF), which is a convolution of the Airy disk with the di↵raction from the secondary
mirror and its supports. In the case of IRAC, there are also “ghosts” resulting from reflections
o↵ the filter wheel (see Figure 1.8). Figure 1.6 demonstrates the di↵erent components of the
PSF, while Figure 1.7 shows an internal view of IRAC’s light path. The orientation of the PSF
is constant relative to the pixel grid, and therefore the telescope itself. Allowing the telescope
to roll in between exposures means that the PSF remains the same with respect to the pixel
grid, but the observed star field is rotated. Thus, the parts of the image that remain the same
in both orientations are detector-specific, and can be subtracted. We use this in the full frame
campaign to better subtract the PSF of our target stars.
9It is possible to use other methods, such as interferometry, to image stars. See for example, Monnier et al.
(2007)
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Figure 1.4 An artist’s conception of the Spitzer Space Telescope in its heliocentric orbit (center),
surrounded by images taken by Spitzer. (Courtesy NASA/JPL-Caltech)
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Figure 1.5 Taken in 2004, the Hubble Ultra Deep Field (Hook, 2004) shows beautifully the di↵er-
ence between point sources and resolved sources of light. The individual stars are point sources
that have characteristic di↵raction spikes, caused by their concentrated starlight bouncing o↵
of the mirror supports of the Hubble Space Telescope. The multitude of galaxies in the image
have no visible di↵raction spikes: they are larger than the resolving power of the telescope, so
their flux is spread over a larger area, blurring out the e↵ects of di↵raction.
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Figure 1.6 A demonstration of the source of each feature of the PSF. (A) A side view of the
light path of a telescope. (B) Di↵raction of light from the aperture of the telescope produces
an Airy disk. (C) Di↵raction around the edge of the secondary mirror interferes with the Airy
disk from B. (D) Di↵raction o↵ the supports holding the secondary mirror produces spikes that
interfere with C, producing the PSF. (E) The PSF from D is discretized onto the pixel grid.
(Image courtesy M. Marengo)
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of the IRAC instrument can be found at the IRAC Web
site.13
2. INSTRUMENTATION DESCRIPTION
IRAC consists of two parts: the Cryogenic Assembly (CA),
installed in the Multiple Instrument Chamber (MIC) within
the Cryogenic Telescope Assembly (CTA), and the Warm
Electronics Assembly (WEA), mounted below the CTA in the
payload assembly area (Werner et al. 2004).
The IRAC CA, depicted in Figure 1 (Plate 1), consists of
the following major subassemblies: two pick-off mirrors; the
shutter; two optics housings, which hold the doublet lenses,
beam splitters, filters, and cold stops; four focal plane as-
semblies (FPAs) that include the detector arrays and associ-
ated components; the transmission calibrator with its source
and integrating spheres; and the housing structure, consisting
of the main housing assembly and the wedge-shaped MIC
adapter plate. The CA is cooled to the temperature of the MIC
base plate (!1.2 K). The CA has a mass of 11.1 kg, is 0.15 m
high and 0.28 m wide at its outer edge, and consumes an
average of 3.0 mW of power during nominal operation.
The IRAC WEA resides in bay 5 of the spacecraft, oper-
ating at near room temperatures (!10"C). All electrical
interfaces between the spacecraft and IRAC pass through the
WEA. The WEA provides all power and data interfaces to
both the spacecraft and to the CA as necessary to conduct the
operation of IRAC. The WEA is connected to the CA via an
extensive set of conventional and cryogenic cables, which pass
through a junction box located on the spacecraft near the CTA.
The junction box serves as the transition between the con-
ventional and cryogenic cables.
The principal function of the WEA is the support and
control of science data taking: the generation of bias voltages
to the detectors; the timing of readout sequences; the ampli-
fication and digitization of the analog science signals; the
digital signal processing of the images; and the transmission of
the digital data to the spacecraft command and data handling
(C&DH) solid-state recorders for mass storage, to be followed
by downlinks to ground stations at 12 hr intervals. Apart from
autonomous fault protection, the WEA internal software
responds only to commands sent by the Spitzer C&DH com-
puter. The WEA has a mass of 24.5 kg, and its dimensions are
0.46 m in length, 0.38 m in width, and 0.23 m in height. It
consumes 56 W of power during nominal operation.
2.1. Optical Desiggn
The IRAC optical path is shown in Figure 2. Light enters
the CA via two pick-off mirrors located near the telescope
focal plane. The two mirrors are slightly displaced and tilted
to physically separate the optical components of the channel
pairs. Thus, the pick-off mirrors project nearly adjacent 5A2 ;
5A2 images of the sky to the channel pairs. The centers of the
two images are separated by 6A8.
The lower mirror selects the field for channels 1 and 3. The
reflected beam is incident upon an MgF2-ZnS (Cleartran)
vacuum-spaced doublet that reimages the Spitzer focal plane
Fig. 2.—IRAC optical design, showing side view and top view.
13 See http://cfa-www.harvard.edu/irac.
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Figure 1.7 The internal layout of IRAC, top-down, showing the light path to the two InSb
(channels 1 and 2) detectors (the two SiAs detectors were channels 3 and 4, but are no longer
operational in the warm mission). Reflections and di↵raction o↵ of all of these elements con-
tribute to the observed PSF. (Image from Figure 2 in Fazio et al. 2004)
The IRAC PSF scales linearly with star brightness, so the PSF of one star can be scaled
to another by det rmining the multiplicative scaling fact r (and background pedestal) b tween
the two. A clean, reference PSF was created by observing the stars from our full-frame cam-
paign (Table 3.1) using identical dither patterns (small adjustments in telescope angle in order
t better spatially sample the image), scaling them all to Vega, and averaging them with outlier
rejection (Hora et al., 2012). IRAC’s native pixel grid is 256x256 pixels, ⇠ 1.2200/pix10. Dither-
ing made it possible to subsample both the reconstructed PSF and our science target images
down to 0.2400/pix using the standard Spitzer Science Center mosaicking software (MOPEX:
Makovoz and Khan 2005). The resulting PSF for a star in the middle of the array is shown
as Figure 1.8. The position on the array is important because the shape of the PSF changes
based on the angle of incidence of the star’s light with respect to the detector array (discussed
further in Section 2.3): a star at a position far from the center of the rray will have its PSF
spread over a larger area.
This reconstructed PSF was crucial for our high-contrast imaging survey: we needed to be
able to use long exposure times to gather enough light to see potential companions, but doing
so causes the central star’s light to spill over into surrounding pixels. By subtracting the PSF
(Sections 2.3, 3.3) from our images, we can suppress the light of the primary star and reduce
10http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/iracinstrumenthandbook/5/ accessed July 7, 2016
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3.6 µm (channel 1) 4.5 µm (channel 2) 
Filter ghosts
Column pulldown
Filter ghosts
Column pulldown
Figure 1.8 The high dynamic range, warm mission point spread function (PSF) of IRAC (Hora
et al., 2012) for channels 1 and 2 (left and right,   = 3.6µm and   = 4.5µm, respectively). Note
the structure of the PSF, as explained in Figure 1.6, as well as the oblong “ghosts” resulting
from reflections o↵ the filter wheel, and the nonlinear column “pulldown” artifact. The core of
the PSF was made from observations an unsaturated reference star, while the extended wings
used saturated stars (hence the appearance of the nonlinear pulldown).
our inner working angle (the minimum distance where we can discern sources from the light of
the primary).
1.6.3 PSF subtraction
There are methods of PSF subtraction that break the PSF into sections and fit each inde-
pendently, such as the LOCI algorithm (Lafrenie`re et al., 2007) or principal component analysis
(Soummer et al. 2012; Amara and Quanz 2012). The exposure time required to obtain multiple
rolls for all the stars in our survey would be prohibitive, for the corresponding magnitude gain
in sensitivity (e.g. ⇠14.2 magnitude at 1000—see Figure 4, Marengo et al. 2009—compared to
⇠15.8 magnitude at the same distance in Janson et al. 2012 and Janson et al. 2015). Our PSF
subtraction process is based on the methods used in Marengo et al. (2009), taking advantage
of the thermal stability of IRAC to perform a linear whole-PSF fit and subtraction.
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The details of data reduction for our full-frame and subarray campaigns can be found in
Sections 2.3, 3.3. The general process is to align (center) the PSF with the science target image,
determine the scaling factor between the two, remove the pedestal o↵set and any electronic
artifacts, and then subtract the PSF from the target image. The full-frame campaign had an
additional roll-subtraction step to reduce the “pulldown” artifact by combining images taken
at two di↵erent epochs.
Both campaigns involved analysis of a large number of images (22 stars ⇥ 2 epochs ⇥ 2
channels = 88 full frame images; 14 stars⇥ 9 dithers⇥ 2 channels = 252 subarray images), so we
wrote pipelines using the Perl Data Language (PDL) to process the data from mosaic through
PSF-subtraction, photometry, sensitivity, and proper motion (where available) calculations. We
also wrote a number of subsidiary tools to aid in visualization, header manipulation, and file
handling. Source detection was the exception: this was performed using PhotVis (Gutermuth
et al., 2004), an IDL graphical photometry tool based on DAOPHOT Stetson (1987).
To make the pipeline work, we needed to develop methods that were as automatic as possible
for centering and scaling images, as these were previously the most labor-intensive parts of the
process. The subarray images in particular were challenging to center: the subarray field of
view was too small (32x32 pixels; 4000x4000) to be able to see background stars that could be
used for alignment of frames, and alignment using a centroid produced blurred results due to
sampling e↵ects. Attempts at manual centering showed that it was di cult to tell when two
images were co-aligned. After noticing that a small misalignment of an image with the PSF
produced harsh edge e↵ects in the subtracted images (see Figure 3.1), a collegue suggested
deliberately misaligning each image with its own negative, to produce a predictable harsh edge
that passes through the true center of the PSF. We exploited the symmetry of the PSF by
choosing the misalignment (by 1/10000th of a pixel—note that this value was only chosen to
be small and does not mean our centering precision is that fine) to correspond to the three
PSF spikes, and produced contour maps of each shift using DS9 (Figure 3.1). Those maps are
saved as coordinate files, and then the intersection of the three lines passing through the center
is calculated. This method of calculating the numerical gradient of the image was successful
for aligning each of the 252 subarray images for PSF subtraction, and co-addition of the 9
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dither positions for each star. We also combined all of the dither positions for all of the stars
(except 55 Cnc, which had a strong horizontal artifact from a nearby source) for each channel,
scaled them all to Vega brightness, rejected any sources more than 1   above the median, and
created a warm-mission subarray IRAC PSF that we provided to the Spitzer Science Center.
Figure 1.10 shows the precision possible with this technique.
Figure 1.9 A demonstration of our centering method. A copy of the image to be centered is
shifted by a small fraction of a pixel, then subtracted from the image, producing the e↵ect
seen. Contours are generated using DS9, then the shift is repeated for the other two directions
(aligning each shift with the PSF di↵raction spikes) to produce a consistent reference point.
DS9 contours of all three shifts are overplotted in green; the intersection of these contours is
our “center” of this image.
Our subarray images were unsaturated and therefore centered well automatically. The full-
frame exposures were all too long to avoid saturation, so the same method does not have the
same precision. We were only able to use it to align the full-frame images to within a few
pixels, and had to manually adjust each image for proper alignment. Fortunately, the structure
of the PSF is easily visible in full-frame images (as opposed to the subarray—compare the
right panel of Figure 1.10 with Figure 1.8), so the extended spikes of the PSF were used to test
for proper alignment (Figure 3.1). We semi-automated this process with a software tool that
displays each subtracted image, asks the user to make a coordinate adjustment, calculates the
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Figure 1.10 The subsampled   = 4.5µ m subarray warm mission IRAC PSF (left) created
by aligning and scaling each of the 32x32 subarray images (example shown on right) from
our subarray campaign. Note that the appearance of the PSF on the 32x32 pixel grid is not
necessarily symmetric, and depends on how the bright source falls on a pixel.
new scaling factor, performs the subtraction, and then repeats. This saved a huge amount of
time compared to the previous method (Marengo et al., 2009) of altering text parameter files,
running a subtraction routine, manually changing the scale factor, then displaying the image
in DS9.
Automatic scaling was another innovation we developed. Un-saturated pixels have a linear
response to the star brightness, so we performed a modified linear fit of each star to the PSF.
Starting with a guess that the scaling factor was just the ratio of the two images, the PSF
was scaled and subtracted from the science target image. Using wide annuli, we calculated
the radial profile of the subtracted image, then performed a linear regression on the result,
iterating through scaling factors and pedestal o↵sets until the resulting line had zero slope
(since a perfect subtraction would have a flat radial profile). An earlier attempt performed a
linear regression directly between the radial profile of the PSF with the radial profile of the
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image, but this did not produce a result as clean as the zero-slope method. This scaling method
was used for all of the subarray and full-frame images, except AB Dor, which required manual
scaling due to its companion binary’s PSF encroaching on its own PSF.
1.6.3.1 Electronic artifacts
In addition to the optical features of the PSF, there are also electronic artifacts that become
visible once the PSF has been removed, shown in Figure 2.1. These result from idiosyncrasies
in the physical response of the pixel array to photons striking it. They are particularly evident
when too much light hits a pixel and causes the deposited charge to exceed what that pixel
is capable of handling. The artifacts are nonlinear with source brightness. Briefly summa-
rized, “muxstripe” is a striped pattern resulting from an unbalancing of the readout channels;
“muxbleed” is a horizontal charge bleed at the rows surrounding the bright source; and “pull-
down” is a bias shift of the columns surrounding the bright source. These will be discussed in
detail in Section 2.3.2. Pulldown (see Figure 1.8) is especially hard to correct, as it a↵ects a
wide portion of the array near the bright source, has large variations from column to column,
and is a di↵erent brightness close to the star versus farther away. The best method we have
developed to mitigate its e↵ect is to observe the same source at di↵erent roll angles and model
the pulldown the minimum of the two observations in the a↵ected columns (a crude technique
to avoid subtracting one source from another). The results of this are discussed further in
Section 3.3.2.
1.6.4 Source detection and photometry
Once the PSF was subtracted and electronic artifacts removed, several sources in the sub-
array, and roughly 2000 sources per full-frame image, were revealed. Subarray sources were
detected by eye; full frame sources were detected using PhotVis, on the 4.5 µm image. We
performed aperture photometry (200-radius aperture) on the resulting source lists, with an aper-
ture correction calculated by using the same aperture on the IRAC warm mission PSF. Using
the parallax of each star, we calculated absolute magnitudes, which where then plotted with
[3.6]-[4.5] color for comparison with known T-dwarfs, Y-dwarfs, and age-dependent mass model
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magnitudes (see Sections 2.3.3 and 3.3.3.1). Note that the absolute magnitude calculation as-
sumes that all of the detected sources are at the same distance as the target star. For all
sources that are unrelated field objects, this photometry is invalid.
1.6.5 Proper motion confirmation
When earlier epochs were available (for one star in the subarray campaign, and for all
2MASS objects in the full frame campaign), we checked sources for common proper motion
with the central star. This was accomplished by finding the centroid of each object, matching
the object with its 2MASS counterpart, and then calculating the change in position from one
epoch to the other. The result was compared to both the average proper motion of all objects
(“zero” proper motion) and the proper motion of the target star (see Section 3.3.3.2).
1.6.6 Sensitivity curves
To determine what objects might yet exist below our sensitivity, we calculated radial sen-
sitivity curves for each target star. We wrote a routine to iterate through radial bins with
width equal to the IRAC FWHM in that channel, overlapping by half of the previous bin for
smoothness. We calculated the noise-equivalent flux density (NEFD) by finding the FWHM
of the distribution of background pixel values, using a double-Gaussian fit (the distribution of
background values had a longer tail to the right than to the left). We compared the result-
ing radial minimum-magnitude limit to mass-based magnitudes (1, 2, 5, 7, 10, 15, 20, and 25
MJup) generated for the age and distance of each source from theoretical giant planet spectral
models produced by Burrows et al. (2003), in order to estimate our mass sensitivity at a given
projected orbital separation from the target star. These plots are shown in Figures 2.7 & 3.11.
1.6.6.1 Age-dependent substellar mass spectral models
We compared both source photometry and sensitivity limits to theoretical, cool-brown-
dwarf (later than T-dwarf) cloudy-atmosphere spectral models from Burrows et al. (2003), with
e↵ective temperatures from 800 K to 150 K. The model atmospheres are for free-floating or
widely separated dwarfs, so there is no external irradiation. Despite the expected formation of
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Figure 1.11 A color reproduction of Marengo et al. (2006b), Figure 6, showing the four cryo-
mission IRAC bands overlaid on the cool-brown-dwarf models from Burrows et al. (2003). Note
that channel 1 is aligned with the methane absorption feature, which causes cool dwarfs to have
a characteristically red [3.6]-[4.5] color.
water ice at the temperatures and pressures present in the atmospheres of cool dwarfs Burrows
et al. (2003) find that the e↵ect is secondary due to the lack of external irradiation, and thus
scattered light. In decreasing order of absorption strength, CH4 and H2O and NH3 (at the
coldest temperatures) are the most important molecules at IRAC wavelengths. Figure 1.11,
reproduced from Marengo et al. (2006b), shows these models overlaid with all four IRAC
bands. Band 1 was chosen to align with the strong methane absorption feature, which causes
cool dwarfs to have a characteristically red [3.6]-[4.5] color.
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1.7 Thesis overview
The following two chapters are papers about two searches for substellar objects around
nearby stars. The campaign detailed in CHAPTER 2 uses small images taken at short exposures
to be able to probe close to the stars. The second campaign, CHAPTER 3, uses the full IRAC
array to have high sensitivity and wide field of view. The goal of both is the same: to detect
objects in the mass range from a few Jupiter masses up to the limits of brown dwarfs, and if
none are discovered, to give limits on what objects may still be hiding beneath our sensitivity.
CHAPTER 4 is a discussion of the results and implications of the two studies.
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CHAPTER 2. A MID-INFRARED SEARCH FOR SUBSTELLAR
COMPANIONS OF NEARBY PLANET-HOST STARS
Modified from a paper published in The Astrophysical Journal (Hulsebus et al., 2014).
A. Hulsebus, M. Marengo, J. Carson, and K. Stapelfeldt
Abstract
Determining the presence of widely separated substellar-mass companion is crucial to un-
derstand the dynamics of inner planets in extrasolar planetary systems (e.g to explain their
high mean eccentricity as inner planets are perturbed by the Kozai mechanism). We report the
results of our Spitzer/Infrared Array Camera (IRAC) imaging search for widely separated (10
– 2500) substellar-mass companions for 14 planet-host stars within 15 pc of the Sun. Using deep
3.6 and 4.5 µm observations in subarray mode, we found one object in the field of 47 UMa with
[3.6] [4.5] color similar to a T5 dwarf, which is, however, unlikely to share common proper
motion with 47 UMa. We also found three objects with brown-dwarf-like [3.6] [4.5] color limits
in the fields of GJ 86, HD 160691, and GJ 581, as well as another in the field of HD 69830 for
which we have excluded common proper motion. We provide model-based upper mass limits
for unseen objects around all stars in our sample, with typical sensitivity to 10 MJ objects from
a projected separation of 50 to 300 au from the parent star. We also discuss our data analysis
methods for point-spread-function subtraction, image co-alignment, and artifact subtraction of
IRAC subarray images.
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2.1 Introduction
Large bodies in the periphery of planetary systems have the potential to wreak havoc on
the orbits of inner planets through secular interactions. Naoz et al. (2011) posit this e↵ect to
be responsible for the migration of hot Jupiters; Marzari (2002) describe how planet-planet
scattering can result in moderately eccentric planetary orbits; and Takeda and Rasio (2005)
demonstrate how Kozai-type interactions (Kozai, 1962) can result in highly eccentric planet
orbits, inward of a large planet or brown dwarf.
Given that conventional planet formation models, including both core accretion (Pollack
et al., 1996) and gravitational instability (Boss, 1997), describe planets forming in mostly
circular, well-aligned circumstellar disks, it is important to explain why the mean eccentricity
of discovered exoplanets is currently 0.191, with many of the highest eccentricities found in
single-planet systems (78% with e > 0.5 are single planets). If secular e↵ects involving a
massive companion are responsible, these companions may be observable, if they have not yet
been ejected from the system. Ford and Rasio (2008) conclude that most planet scattering
instabilities should occur on timescales comparable to the planet formation timespan, but do
acknowledge that triple planet systems in certain configurations could potentially be quasi-
stable on timespans from 106 to 1010 years, so it is not impossible to have planet ejection occur
in an old system.
Gizis et al. (2001) found brown dwarf companions > 1000 au from the primary, and Luhman
et al. (2007) found HD 3651B, a brown dwarf orbiting 476 au from a star with an eccentric
planet. However, the same formation models mentioned above do not explain how such a
massive companion could form so far from the parent star: that far-separated substellar com-
panions and highly eccentric planets both exist deserves explanation. One such explanation
is that all objects form close to their parent stars and end up in their current configurations
through scattering events (Boss 2006, Nagasawa and Ida 2011).
Whether causing havoc or not, widely separated companion brown dwarfs are interesting
in their own right, as relatively few are known: of the 9921 substellar-mass companion objects
1http://exoplanet.eu, as of Oct 7, 2013
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discovered, only 36 (all with mass > 1 MJ) are farther than 10 au from their parent, and 21
of those lie between 10-300 au. In part, this is a selection e↵ect: the timescales necessary to
find these objects with either radial velocity (RV) or transit methods are prohibitive, and all of
the aforementioned brown dwarfs have been detected by direct imaging. Ground-based direct
imaging searches have been successful in finding gas giant companions (e.g. Carson et al. 2013,
Marois et al. 2010, Chauvin et al. 2005 and Neuha¨user et al. 2005), but have lower sensitivity
to the coolest T- and Y-dwarfs (which have distinctive [3.6] [4.5] colors) because of telluric
absorption in the thermal infrared. Space telescopes get around this problem, and WISE has
been successful in finding many field T- and Y-dwarfs (Kirkpatrick et al., 2011), but is less
sensitive to brown dwarfs around stars because of the high contrast ratios involved. Studies
like Bergfors et al. 2013, Ginski et al. 2012, and Roell et al. 2012 have searched for stellar-mass
companions to planet-host stars, but are generally not sensitive to brown-dwarf-mass objects.
The inner working angle of any direct-imaging companion search is limited by the brightness
of the parent star compared to its companion. At optical wavelengths, this is determined by the
contrast ratio between the parent star’s emission and the companion’s reflected light. This can
be problematic at close angular distances or if the starlight saturates the detector. However,
the contrast ratio in the infrared (e.g. at 3.6 µm), where thermal emission dominates over
reflected light, is much more manageable. This lower ratio opens up the possibility of search-
ing for planetary mass companions with advanced Point Spread Function (PSF) subtraction
techniques, provided that the PSF is both stable and well spatially sampled. For these reasons,
we have used the InfraRed Array Camera (IRAC, Fazio et al. 2004) onboard the Spitzer Space
Telescope (Werner et al., 2004) to search for companions around 14 nearby stars. Using IRAC
gives the added advantage of being able to characterize T-dwarfs, in particular, using their
characteristically red [3.6]-[4.5] color due to methane absorption bands (Burrows et al., 2003).
This work builds on our previous IRAC low-mass companion searches (e.g. Marengo et al.
2006a, 2009, Carson et al. 2011), which have resulted in the discovery of two brown dwarf
companions (Luhman et al., 2007), including a T7.5 companion of the exoplanet host star
HD 3651. In Marengo et al. (2009), in particular, we have developed the same technique
used in the work presented here, adopting IRAC shorter frame-time subarray observing mode.
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This allows us to reduce the primary star saturation and the area with high PSF-subtraction
residuals, narrowing our inner working angle from 2000 to 500. Building on this previous work,
we used IRAC’s subarray mode to probe for > 5MJ companions at separations of 25 to 350 au
(for a star 15 pc distant) around a sample of 14 nearby planet host stars.
Herein, we present our target list in Section 2.2, our analysis methods (Section 2.3), sensi-
tivity limits (Section 2.4), and companion candidates selected on the basis of their IRAC colors
(Section 2.5). In Section 2.6 we discuss our results.
2.2 Target selection and Observations
Because so few brown dwarf companions to exoplanetary systems are known, it would be
equally interesting to find a perturbing brown dwarf companion as to find one around an
exoplanet system that does not exhibit abnormal eccentricity, or likewise one that is bound to
a system known to already have another brown dwarf companion. Therefore, we selected 14
target stars to observe (Table 2.1) with only the criteria that they be located within ⇠15 pc
from the sun and have exoplanets detected by radial velocity. This 15 pc distance restriction
was chosen to provide the best inner working angle, equivalent to a few tens of au from the
target star, and an outer working angle of a few hundreds of au (due to the subarray field
of view): a range in which perturbing companions acting through the Kozai mechanism are
expected. Target stars range in age from 0.1 to > 10 Gyr, estimated from various factors
including rotational periods, magnetic activity, galactic velocity, and emission lines (for more
information, see individual notes at the bottom of Table 2.1).
Among the selected targets, there are 5 M, 1 K, 7 G, and 1 F stars. All are hosts to planets
detected by radial velocity (eccentricities listed in Table 2.1), with the exception of GJ 436,
whose planet was discovered by transit. HD 69830 also has a debris disk (Beichman et al.,
2005) and candidate M-dwarf companion (Tanner et al., 2010). GJ 86 is binary with a white
dwarf (⇠200; Mugrauer and Neuha¨user 2005), and SCR J1845-6357, itself a brown dwarf, has
a T-dwarf companion detected by direct imaging at a separation of ⇠1.200 (Biller et al., 2006).
Both companions are below the resolving power of IRAC. HD 147513 is also binary with a
white dwarf (Mayor et al., 2004), which, at a projected separation of 5360 au, is outside our
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field of view. Nine of the targets have at least one planet with e > 0.1, which may be an
indication of the presence of a perturbing companion. GJ 876 has two high-eccentricity planets
inward of a 2.3 MJ planet, which may be an example of the type of secular interactions we are
exploring (Lee and Peale, 2002).
Included in the sample is HD 3651, whose planet has the highest eccentricity of our sample
(e=0.63, Fischer et al. 2003), and around which we previously discovered a T-dwarf companion
at a projected separation of 480 au (4300, see Luhman et al. 2007). This system may be an exam-
ple of the type of secular interactions we seek, although Anglada-Escude´ et al. (2010) refit the
RV data of HD 3651 and claim that instead of one high-eccentricity planet, there are likely two
lower-eccentricity (e=0.06±0.20 and e=0.04±0.20) planets in a 2:1 period commensurability.
Similarly,   And c and d have high eccentricities (e=0.24, e=0.274, Barnes et al. 2010),
which Curiel et al. (2010) explains as due to a 3:1 resonance between   And d and e.   And e
has a mostly circular orbit, so an external perturber may not be necessary to explain the
dynamics of this system.
Finally, GJ 436 has one planet with moderate eccentricity (e=0.15, Deming et al. 2007).
This eccentricity was revalidated by Wang and Ford (2011) and attributed by Maness et al.
(2007) to an unseen 22.5ME object 0.0285 au from the star (unresolved from the central star
in our images).
Ten of our targets were previously observed with IRAC (Patten et al., 2005) to search for
brown dwarf companions at large separation (projected separation of ⇠100 to ⇠1500 au). As
these observations had frame times of 30 sec, they heavily saturated the primary star, limiting
our inner working angle to 2000 from the target (see Marengo et al. 2009). For this reason we
chose to observe our target stars in subarray mode, allowing for dramatically shorter exposure
times and restricting saturation to the innermost one or two pixels of the brightest sources.
Our observations were executed between Sept 2007 and Aug 2008 (PID 40976), and were
modeled on our previous observations of ✏ Eridani and Fomalhaut (PID 30754, Marengo et al.
2009), adapted to the lower brightness of the selected targets. We selected frame times for K,
G, and F stars were 0.1 seconds (0.08 sec integration time), and 0.4 sec (0.32 sec integration
time) for M stars. Each subarray image is 32⇥32 pixels, 1.2200/pix, and is composed of 64
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exposures repeated for each dither position. We used the standard IRAC nine-point Reuleaux
dither pattern to obtain non-redundant spatial sampling to build up a total integration time
of 921.6 sec per target, with 5 or 20 images (320 or 1280 exposures) per pointing for the 0.4
and 0.1 sec exposures, respectively. The large number of exposures was required to increase
the signal-to-noise ratio of potential companions. The total overlap area of the exposures is
4400 ⇥ 4400.
Only 3.6 µm and 4.5 µm observations were needed because T- and Y-dwarfs have charac-
teristically red [3.6] [4.5] colors, due to the presence of methane absorption bands near 3.3 µm
(Burrows et al., 2003). The total integration time was set to allow the detection of 5 Gyr
old, 5 MJ planetary mass bodies at 10 pc from the Sun, based on the predicted photon noise
from the PSF of the primary star (Marengo et al., 2009). This was our goal, but we had
to compromise for an integration time that resulted in lower sensitivity. Once the PSF was
subtracted, however, the detection limit in the innermost 500 was not photon noise, but rather
the residual noise from subtracting the PSF (see Figure 1 in Marengo et al. 2009). Outside of
500, these residuals diminish and electronic artifacts dominate the noise profile. This issue was
already encountered in Marengo et al. (2009)[see section 2.1]. In this work we have improved
our artifact removal technique significantly in order to reach higher sensitivity.
2.3 Data Analysis
As the goal of this project is the detection of faint companions around bright stars, our
data reduction procedure is designed to combine the individual exposures into a single high-
dynamic-range final image, while suppressing the light from the primary star with an accurate
PSF subtraction. Other direct imaging searches have employed the LOCI algorithm (Lafrenie`re
et al., 2007) or principal component analysis (Soummer et al. 2012; Amara and Quanz 2012) for
PSF subtraction. Both of these methods use PSF segmentation to compensate for instabilities
in the PSF by using a library of PSFs produced with a large number of roll angles. We have an
insu cient number (only one) of roll angles to use these methods. Furthermore, the thermal
stability of IRAC’s PSF makes them less necessary, and electronic artifacts are the strongest
source of noise, above the PSF subtraction residual noise in most of our field of view. Instead,
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our data reduction technique builds upon the work of Marengo et al. (2009). We started from
Basic Calibrated Data (BCD) images from the Spitzer Heritage Archive, processed with the
IRAC Pipeline version S18.18.0. We then wrote our own custom procedure to combine the nine
individual frames from each dither position into a final image, for each star, in each IRAC band.
Standard mosaicing procedures are not suitable for our targets because, due to the small field
of view of the subarray fields, the lack of background stars in the individual BCDs prevents
accurate World Coordinate System (WCS) alignment of individual frames by the IRAC pipeline
coordinate refining routine. As a consequence, mosaics made with the standard Spitzer Science
Center MOPEX software (Makovoz and Khan, 2005) would be blurred.
As mentioned in Section 2.2, for subarray, electronic artifacts dominate the noise profile of
PSF-subtracted images outside of approximately 500 from the center of the PSF. These electronic
artifacts (shown in Figure 2.1; details provided in Section 2.3.2) are produced by bright stars
falling on the detector array. The response of the array to bright sources di↵ers from pixel to
pixel, so these artifacts need to be characterized and removed in situ, before the nine dither
positions are shifted and co-added for sub-sampling.
Two di↵erent PSF subtractions were necessary. The first was performed to remove the
light from the central bright star in order to better characterize the electronic artifacts. Once
characterized, the artifacts were removed from the BCDs, allowing a second, cleaner PSF
subtraction to be performed to characterize the stars and search for companions. The IRAC
PSF is stable, but position dependent, di↵ering in shape across the focal plane due to light-
path geometry, with the most extreme di↵erences near the edges, where the subarray field is
located. Because electronic artifact characterization requires a precise PSF subtraction at each
dither position, and since there is not a reliable, high S/N ratio Spitzer IRAC PSF available
for subarray mode, we created our own PSF for each star, using the other stars in our sample,
on a per-dither-position basis.
2.3.1 Image Alignment and First PSF Subtraction
Figure 2.2 demonstrates our data reduction procedure. In order to characterize, pixel by
pixel, the pattern of the electronic artifacts, we subtracted the PSF from each BCD image
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Figure 2.1 Typical appearance of di↵erent electronic artifacts visible after PSF subtraction.
PSF subtraction residuals and hot pixels are also labeled for clarity. Image shown is 47 UMa,
single dither position, 3.6 µm. Field of view is 3900 ⇥ 3900.
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(Figure 2.2, panel a) on the original 32⇥32-pixel grid. In Marengo et al. (2009), we used a PSF
made from archival data (PID 30666), but this was not ideal due to the di↵erent dither pattern
used in those observations. For this analysis, we created a PSF for each dither position from
the other images in our data set. Each image was aligned and stacked at the pixel size of the
original 32⇥32 subarray grid to create a PSF (Figure 2.2, panel b) for each frame.
IRAC starts to become non-linear at 10,000 and 12,000 DN in bands 1 and 2, respectively
(Monson et al., 2012), so we masked o↵ any pixels higher than 99% of those threshold values.
The FWHM of IRAC’s 3.6 µm PSF is 1.6600, or 1.36 native pixels; assuming the core to be
Gaussian, a 0.1-pixel alignment error a↵ects up to 11% of the image flux. The WCS coordinate
uncertainty for our images is on the order of 100, roughly 0.8 pixels, making the WCS coordinates
provided with the frames too imprecise for sub-pixel alignment of the individual frames. As
previously mentioned, WCS coordinates could not be refined due to a lack of field objects in
the subarray images. A simple 2-D centroid of each image was also inadequate for alignment
purposes: the PSF core changes shape even for small shifts of the stars on the pixel grid,
due to IRAC under-sampling, pixel-phase e↵ects, and position-dependent focus of the camera
(Hora et al., 2008). Instead, we calculated the stationary points of the numerical gradient
of the core of the PSF (its not-saturated part) along three evenly spaced (120 degrees) axes
and used the intersection of those gradients as the center coordinate for each image, giving a
typical alignment precision (average error) in 3.6 µm of 0.002700 and 0.002800 in 4.5 µm. For
comparison, using a centroid for alignment of a 1.2200/pix image produced an average error of
0.0700 in 3.6 µm and 4.5 µm.   And was too saturated for this technique to work and required
manual adjustment.
Using these coordinates to align the images together, we created a PSF for each dither
position of each star out of the other twelve star images in our data set (omitting the star
itself and 55 Cnc, which has strong horizontal artifacts and was therefore not included in any
PSF). We normalized each star image to the target image by finding a multiplicative scale
factor and a pedestal o↵set between them. The scale factor was initially estimated as the ratio
of the total fluxes of the two images (this would be incorrect to use as a final value because
saturation and field star light di↵er among images), while the initial o↵set was set to zero.
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Figure 2.2 Example of artifact removal process for GJ 581, 3.6 µm. (a) 99%-saturation-masked
image of GJ 581, single dither position. (b) PSF created for the same dither position. (c)
Combined electronic artifact correction matrix. (d) PSF- and artifact-subtracted image. Hot
pixels in the lower right of each image have been masked o↵. A detected source is visible to
the lower left of GJ 581 in frames (a) and (d). Field of view is 3900 ⇥ 3900.
38
Table 2.2. Photometry of target stars
Star [J] [H] [K] Date Observed [3.6] [4.5]
SCR J1845-6357⇤ 9.54 8.97 8.51 2007-10-22 7.890±0.006 7.854±0.017
GJ 876 5.93 5.35 5.01 2007-12-23 4.806±0.016 4.767±0.008
GJ 581 6.71 6.10 5.84 2007-09-08 5.618±0.003 5.576±0.004
GJ 849 6.51 5.90 5.59 2007-11-25 5.437±0.005 5.427±0.006
GJ 436 6.90 6.32 6.07 2008-06-16 5.909±0.005 5.871±0.008
GJ 86⇤ 4.79 4.25 4.13 2007-11-14 4.116±0.004 4.158±0.004
HD 3651 4.55 4.06 4.00 2008-08-21 3.946±0.007 3.968±0.004
HD 69830 4.95 4.36 4.17 2007-11-25 4.147±0.006 4.192±0.004
HD 14751 4.41 4.03 3.93 2007-09-13 3.904±0.006 3.909±0.003
47 UMa 3.96 3.74 3.75 2007-12-28 3.582±0.008 3.592±0.004
55 Cnc 4.77 4.27 4.02 2007-11-24 4.081±0.012 4.117±0.006
ups And 3.18 2.96 2.86 2008-03-09 2.840±0.008 2.858±0.005
51 Peg 4.66 4.23 3.91 2007-12-26 3.950±0.007 3.967±0.005
HD 160691 4.16 3.72 3.68 2007-09-13 3.579±0.005 3.602±0.003
Note. — Stars marked with an (*) are binaries, with separations below our resolution.
The photometry given is the combined photometry of both members.
Using these initial values, we calculated the slope of the radial profile of the di↵erence of the
two images. A subtraction with perfect normalization would have zero slope, and the slope is
linearly related to the scale factor. After two more scale factor “best guesses”, their respective
subtraction slopes were used as the basis for a linear regression to calculate the final scale
factor between the two images. Using this scale factor, we performed a similar calculation to
obtain the linear o↵set between each image and the target. The resulting aligned, normalized
frames were stacked together. Any pixels with values greater than 2  above the median were
discarded, and the mean of the remaining pixels became the PSF for that dither position of
that target star (Figure 2.2, panel b). By scaling our model PSF to have the same IRAC flux
as Vega, we were able to use this same technique to calculate the photometry of each of our
target stars (results given in Table 2.2).
2.3.2 Electronic Artifact Characterization and Second PSF Subtraction
After subtracting the dither-position-dependent PSF, electronic artifacts become visible in
each frame. There are several e↵ects, shown in Figure 2.1. “Muxstripe” is a “jail-bar” pattern
caused by excess charge in a pixel (from a bright source) unbalancing the multiplexer (readout)
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channel pedestals. This is superimposed with a repeating decay pattern in the lower half of the
image. “Muxbleed” is a horizontal bleeding of charge along the row(s) and readout channel(s)
containing excess-charge pixels. “Pulldown” is a central-column bias shift caused by a pixel
with excess charge. We characterized these e↵ects in sequence by creating and subtracting a
correction matrix of each artifact before moving to the next: first, we masked o↵ a circle with
radius out to 10% saturation from the center of the PSF in order to reduce the PSF subtraction
residuals that get included in our calculations, then removed each artifact type in turn.
The muxstripe is a di↵erence in pedestal value per multiplexer channel (every fourth column
of the image is read by a di↵erent channel), a↵ecting the top and bottom of the image (above
and below the bright source) di↵erently. Similarly, the muxbleed a↵ects every fourth pixel of
each of the ⇠3 rows surrounding the core of a bright source di↵erently. Both of these e↵ects
are characterized by the median value of the group of a↵ected pixels, which we evaluated and
then assigned to the corresponding area in the correction matrix. For example, to characterize
the segment of the muxstripe in the bottom of the image in the first multiplexer channel, the
median of all of the pixels comprising columns 0, 4, 8, ..., 28 from rows 0 through the row
containing the central star was assigned to the correction matrix in those locations. This was
done similarly for the other channels and for the muxbleed. This matrix was then subtracted
from the PSF-masked image, to prepare for the next artifact to be removed.
The decay artifact does not occur in every image, nor every readout channel, but when it
occurs, it again a↵ects every fourth column of the lower half (below the bright source) of the
image similarly. Previously (Marengo et al., 2009), we had removed this artifact by fitting an
exponential or linear function to each a↵ected column, separately. We discovered, however,
that the artifacts are better removed by assuming the pattern to be the same exponential
function in every a↵ected column and subtracting the median of the pixels in each row of those
columns. A↵ected readout channels were flagged manually and the median of each row in
those columns was saved as a new correction matrix. This matrix was subtracted from the
muxbleed/muxstriped-removed image.
The pulldown always occurs in the same column as the core of the target star, and is
di↵erent above and below the star. When the core of the target star falls within ⇠0.25 pixels of
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the boundary between pixels, the pulldown occurs on two adjacent columns. We modeled the
pulldown as the median of the column(s) containing the target star, top and bottom separately,
then saved it as a third correction matrix. At this point, we added the previous three correction
matrices together to obtain a complete matrix of the pixel-dependent electronic artifacts in each
BCD (result shown in Figure 2.2, panel c). Subtracting this matrix from the PSF-subtracted
image gives us a visual check to show all artifacts have been removed (Figure 2.2, panel d).
To mitigate contamination from residual artifacts in our PSFs, we subtracted the artifact
correction matrix for each image from its BCD and remade new PSFs from the result. Because
all pixel dependency had been removed, and because all stars were observed with the same
dither pattern, the individual dither images could then be co-added to create sub-sampled
images and PSFs. We co-added the artifact-cleaned images at 10⇥ subsampling (0.12200/pix),
then created a PSF for each star using the process described in Section 2.3.1 using the other
sub-sampled images (again omitting 55 Cnc and the star itself). With nine spatially distinct
dither positions, each pixel can be sub-sampled into at most nine (3⇥3) sub-pixels, so after
subtracting each star’s model PSF from its final mosaic, we rebinned the images back to 3⇥
sub-sampling (0.40700) for analysis (Figures 2.3 & 2.4).
Combining these images with those from PID 30666, we created and released a 0.2400/pix
subarray PSF, available at the Spitzer Science Center website.
2.3.3 Source detection and photometry
Once the PSF and electronic artifacts are removed and the images are co-added, other
sources become readily visible (see Figures 2.3 & 2.4). Given the small number of sources
in each image, we visually inspected each and measured the photometry of every area that
seemed brighter than the background, using a custom procedure based on DAOPHOT. We
used an aperture radius of two IRAC pixels (2.4400) where possible, or one (1.2200) for sources
near the edge of the final images. Sky annuli were chosen to fit the background while avoiding
excessive PSF subtraction noise for the typical source, and had an inner radius of 3.1700 (1.5900)
with an outer radius of 5.1200 (2.5600) for the larger (smaller) apertures. Aperture corrections
were calculated as the di↵erence in magnitudes between the flux inside each aperture listed
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Figure 2.3 Final 3.6 µm mosaics, with circles indicating the position of point sources detected
within the subarray field of view in at least one IRAC band in either subarray or full-frame
images. The size of the circle demonstrates the aperture size used for photometric measure-
ments. Solid circles indicate detections in that frame. A dashed circle indicates the location
of a detection in di↵erent band. Unmarked bright spots are residual artifacts. Color scale
is squared and adjusted for optimal contrast. The pixel scale is 0.40700/pix. Field of view is
4400 ⇥ 4400.
42
2
1
N
E
47 UMa
N
E
51 Peg
N
E
55 Cnc GJ 436
N
E
1
1
GJ 849
N
E
1
4
3
GJ 581
N
E
2
1
1
GJ 86
N
E
1
3
4
5
N
E
2
1
GJ 876
71
4
9
2 6
8
7
HD 147513
N
E5
3
N
E
HD 3651
N
E
HD 69830
1
1
5 SCR J1845-6357
N
E
4
3
2 1
2
N
E
ups And
6
2
3
8
7
5 4
N
E
HD 160691
1
Figure 2.4 Final 4.5 µm mosaics, with circles indicating the position of point sources detected
within the subarray field of view in at least one IRAC band in either subarray or full-frame
images. The size of the circle demonstrates the aperture size used for photometric measure-
ments. Solid circles indicate detections in that frame. A dashed circle indicates the location of
a detection in di↵erent band. Unmarked bright spots are residual artifacts. The pixel scale is
0.40700/pix. Color scale is squared and adjusted for optimal contrast. Field of view is 4400⇥4400.
43
above versus the flux inside a 10-IRAC-pixel aperture placed on a Vega-scaled PSF. These
corrections in 4.5 µm are  0.24 mag for the larger aperture,  0.94 mag for the smaller. Any
source calculated to have a local signal-to-noise ratio less than 3 was rejected. All sources
detected in 3.6 µm and 4.5 µm are shown Figures 2.3 and 2.4, respectively. Table 2.3 shows
the aperture-corrected photometry of all detected sources in the frame of each target star.
For sources detected in only one band, the limiting magnitude at that location in the other
band is given as a photometric upper limit. Four objects (47 UMa-1, HD 160691-8, GJ 86-1,
and GJ 581-3) have potential colors that can be as red as a T5 or later brown dwarf, due to
non-detections in 3.6 µm.
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The subarray field of view is too small for the analysis pipeline to perform automatic
pointing refinement. No subarray frames had su cient 2MASS sources to perform manual
astrometric calibration, and our observations were taken before the “peak up” function was
available. Therefore, the accuracy by which the WCS coordinates are known is limited by
Spitzer’s star tracker, plus pointing drift, which is especially important for short exposures like
subarray mode, and jitter; the combination of these is on the order of 100. We performed relative
astrometry on each source by computing its centroid and calculating the distance and position
angle relative to the centroid of the central source (Table 2.3). Because the PSF is pixelated and
has internal structure, the centroid can converge in a slightly di↵erent location depending on
the subsampling of the PSF due to the source falling on di↵erent parts of a pixel. To calculate
the error of our relative astrometry, we randomly shifted our 0.2400/pix model PSF 1000 times,
each time rebinning to 0.40700/pix and comparing the known shift to the di↵erence in measured
centroids. The average of the resulting distribution is 0.05 pixels, or 0.0200. This represents the
best-case radial distance error for high signal-to-noise, isolated sources. For more crowded, dim
sources, the convergence point of the centroid also depends on the initial guess. To calculate
this error, we randomly picked 1000 starting locations within a radius of 2.1 pixels (half the
FWHM of IRAC’s band 2 at 0.40700/pix) around each source, and calculated the centroid using
a box size of 6 pix. This produced a distribution of between 1 and 6 “centroids.” We report the
center of the distribution as the source position and the RMS spread as the initial-guess error.
This error was on the order of 0.100 and was added in quadrature with the PSF-discretization
error to find our total relative astrometry error, reported per source in Table 2.3.
2.3.4 Full-frame Analysis
To supplement and confirm our subarray results, we performed follow-up photometry for
all stars that had full-frame images available in the Spitzer Heritage Archive (listed in “full”
columns of Table 2.3). These observations were performed with 30-second frame times and 5
Gaussian dithers. We used IRACproc to create mosaics and subtract the target stars’ PSFs,
then we performed aperture photometry. To isolate the typical source from artifacts and other
sources of noise, we used a 2.8300 aperture radius, with a sky annulus from 2.8300 to 4.7200 on
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all sources visible within the subarray-equivalent field of view. We restricted our analysis to
this region because everything outside the subarray field of view in the full frame images had
already been discounted by a previous proper motion search for widely separated companions
without PSF subtraction (Patten et al., 2005).
Several sources detected in subarray images were found to have counterparts in the full-
frame images, including sources near the edge of the subarray frame that we originally thought
to be noise (see sources at the edges of HD 160691, HD 147513, and SCR J1845-6357). Some
sources appearing in full-frame images were below the sensitivity of the subarray images. As
expected, sources detected near the target star in subarray were overwhelmed by PSF residual
noise in the full-frame images, notably HD 147513-2, SCR J1845-6357-2, and GJ 876-7. Fig-
ure 2.5 shows a comparison of objects seen in the subarray field of view between subarray and
full-frame images for one parent star.
Taking the lowest-error photometry in each band from either subarray or full frame, and
assuming all of these sources to be at the same distance as their parent star, we plotted their
[3.6] [4.5] color versus 4.5 µm absolute magnitude (see Figure 2.6) to compare with model
substellar-mass objects of various temperatures (Burrows et al., 2002) and previously detected
L and T dwarfs (Patten et al., 2006).
2.4 Sensitivity
We calculated sensitivity limits for each of our targets as a function of projected distance
from the central star. Our photometric sensitivity at any location within an image is limited
by the local noise level around that point. The noise level within the frame is generally highest
at the location of the target star and decreases radially outward, but with azimuthal deviations
due to PSF spikes and other features. We generated azimuthally averaged sensitivity curves,
giving the Noise-Equivalent Flux Density (NEFD) for given radial distances from the target
star (Figures 2.7 and 2.8). We calculated the NEFD in each point of the PSF-subtracted image
as the total RMS noise flux over an aperture with diameter equal to the FWHM of the stellar
PSF (1.6600 for 3.6 µm, 1.7200 for 4.5 µm). Overlaid on these plots are the estimated magnitudes
of planets with di↵erent masses, derived from non-irradiated extrasolar planet models with a
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Figure 2.5 Comparison of HD 160691 in full frame 3.6 µm (a), 4.5 µm (b) and subarray 3.6 µm
(c), 4.5 µm (d) fields. Solid circles indicate detections in that frame. A dashed circle indicates
the location of a detection in di↵erent band. Sources 2, 3, and 8 are detected in subarray but
overwhelmed by residuals in full frame. Sources 4 and 5 were originally thought to be noise
in subarray, but are point sources in full frame. Sources 6 and 7 are at the sensitivity limit
in subarray and a↵ected by PSF residuals in full frame. Unmarked sources fall outside the
subarray field of view and were analyzed previously.
49
Figure 2.6 Mid-infrared HR diagram of all detected sources (circles) within the subarray fields of
view, assuming each to be at the distance of its target star. The lowest-error photometry from
either subarray or full frame in each band is displayed (circles). Temperatures and absolute
magnitudes from non-equilibrium substellar model spectra (Hubeny and Burrows, 2007) are
plotted with diamonds; asterisks show a selection of published L-dwarfs, while published T-
and Y- dwarfs are displayed as plus signs and squares, respectively (L & T photometry from
Patten et al. 2006; Y photometry from Ashby et al. 2009).
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given age from Burrows et al. (2002), scaled to the distance of the primary star. The only
models available from Burrows et al. (2002) for ages comparable to our objects are 1, 3, and
5 Gyr, so we chose the model age closest to the age of each star. For ages greater than 5 Gyr,
we used the 5 Gyr model, though this underestimates the mass of potential companions. The
age we used for the model is listed with the star’s estimated true age above each plot.
Also available were the BT-SETTL models by Allard et al. (2011), which have a greater
range of available ages, but much higher lower limit of ⇠ 50 MJ for all but the youngest
isochrones, making them insu cient to match our sensitivity. We compared the Burrows and
Allard models for the same object age and found they give comparable magnitudes for a given
object mass. For the smallest BT-SETTL object available for the 10 Gyr isochrone, 63 MJ , the
di↵erence in 4.5 µm model magnitude from 5 to 10 Gyr is 0.42. Less-massive objects should
have lost more of their primordial heat by the time they reach 5 Gyr old, thus they would be
expected to dim by less than this amount over the following 5 Gyr, so we feel confident that
we are not significantly overestimating our mass sensitivity for objects older than 5 Gyr.
Our best sensitivity occurs for nearby, young systems like SCR J1845-6357, where we de-
tected no >5 MJ objects at projected separations between 25-80 au from its parent, and GJ 876,
for which our limit is of a >6 MJ object at projected separations from 50-100 au. For the older,
more distant stars like   And, 55 Cnc, and 51 Peg, we detected no objects greater than 25 MJ
between projected separations of roughly 200-300 au, with the caution that our mass model
sensitivity is overestimated for systems older than 5 Gyr. Our lower-limit sensitivity around
the remaining stars varies from 7 to 15 MJ in the range of projected separations of 50 to 250
au.
2.5 Color-Selected Companion Candidates
2.5.1 47 UMa-1
47 UMa has three previously confirmed RV planets of roughly Jupiter mass (Gregory
and Fischer, 2010). The outermost, 47 UMa d, has the highest eccentricity of the three
(e=0.16+0.09 0.16). This suggested eccentricity level is di cult to explain without an external per-
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Figure 2.7 3.6 µm (dashed) and 4.5 µm (solid) radial sensitivity curves are shown for each star.
Vertical dotted lines show projected semi-major axis related to radial separation for each star.
Horizontal dotted lines show model 4.5 µm magnitude estimates from Burrows et al. (2003) for
a range of potential companion masses, given the estimated age of each star.
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Figure 2.8 Figure 2.7, continued.
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turber. Our subarray observations revealed 47 UMa-1, a source that appears in 4.5 µm only,
and has upper limit colors ([3.6]-[4.5]> 1 and M[4.5]=14.7) comparable to a brown dwarf at the
distance of the primary. If the object is a bound companion, it would be located at a projected
separation of ⇠300 au (2200) from 47 UMa. If it is not bound, its color indicates it may be a
background red giant or galaxy (Reiter et al. 2015; Stern et al. 2007).
We found archival full frame observations of 47 UMa, performed Apr 20, 2004 as part of
PID 347513231. 47 UMa-1 was detected in the full-frame images but is unfortunately directly
on top of a strong pulldown artifact in both bands. Full frame photometry confirms this object
to be more than a magnitude red in [3.6]-[4.5]. Assuming it to be at the same distance as
47 UMa gives it [3.6]-[4.5] vs. M[4.5] coordinates matching a T5 dwarf, with a model mass of
⇠ 25 MJ (see Figure 2.6).
Another full-frame observation of 47 UMa (4.5 µm only) was made Dec 23, 2008 (PID
332319740), so we attempted to verify common proper motion. We measured the proper motion
of 118 sources surrounding 47 UMa to compare to the motion of source 1 and the expected
position change of the primary over the 4.67 years between the two observations (Figure 2.9).
The measured position change of 47 UMa-1 is more than 3  from that expected of 47 UMa,
making it unlikely to be a co-moving companion.
The other source in the same frame, 47 UMa-2, was a↵ected too much by artifacts in both
full frame archival epochs to obtain reliable photometry or proper motion. Undetected objects
at projected separations between 200-350 au are constrained to have a model dependent mass
less than 15 MJ , with the caveat that we used the 5 Gyr model for this 7.4-Gyr-old star.
2.5.2 HD 160691-8
The four known RV planets of the HD 160691 system all have e⇡0.1 (Pepe et al., 2007).
Koriski and Zucker (2011) noted that this system has a 2/1 period commensurability, which
could indicate mean motion resonance, which in turn could explain the eccentricities of the
system without invoking an external body. We found one source, HD 160691-8, with only
an upper limit color, potentially similar to a ⇠T7 dwarf with mass near 25 MJ . If a bound
companion, it would be located at a projected separation of ⇠300 au (2100) from HD 160691.
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Figure 2.9 The measured (plus sign) change in position of 47 UMa-1 from 2004.33 to 2009.0,
compared with the average change in position (⇥) of field sources (points) and the expected
change in position of 47 UMa (asterisk). We subtracted the average change in position from
all measured points to correct for any systematic o↵set between epochs. It is unlikely that
47 UMa-1 is a co-moving companion of 47 UMa.
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In the full-frame images taken Sept 9, 2004 (PID 240828495), this source lies directly on top of
PSF spike residuals (see Figure 2.5), so we were not able to calculate its full-frame photometry.
We found a model-dependent upper mass limit of 25 MJ for unseen objects at a projected
distance between 200 and 400 au from the primary.
2.5.3 GJ 581-3
Of the four known RV planets around GJ 581, the outermost two, GJ 581d and GJ 581e,
have e=0.205 and e=0.32, respectively (Forveille et al., 2011). Baluev (2013) claims that the
existence of planet d is questionable but confirms b, c, and e. Planet e is the least massive of
the four (respectively, they are 0.05 MJ , 0.017 MJ , 0.019 MJ , and 0.0061 MJ), so it may be
likely that some earlier scattering event led to its current orbit.
If GJ 581-3 is a bound object, its 4.5 µm flux implies it would be a Y dwarf, with model
mass of 7-10 MJ , located at a projected separation of ⇠150 au (2300) from GJ 581. We found
no objects with mass > 7 MJ between projected separations of 75-150 au from the primary.
Our mass limits for this star are underestimates: our oldest mass model was 5 Gyr and this
star has an age of 8.5 Gyr. GJ 581 had no available archival full-frame observations.
2.5.4 GJ 86-1
GJ 86 has one marginally detected source in the very corner (2600 from center) of the
4.5 µm subarray frame. This source is not detected at 3.6 µm, due to strong PSF-subtraction
residuals caused by the IRAC filter “ghost.” Nevertheless, the limiting sensitivity at that
location ([3.6]>14.94) implies a color [3.6]-[4.5]>0.9. If the source is a bound companion at the
distance of the primary, its 4.5 µm magnitude and color limit would be consistent with a T7
dwarf. However, the high level of noise, even in the 4.5 µm frame, suggests the source to be
a spurious detection. We attempted to measure full-frame photometry of GJ 86-1, but both
its WCS-coordinate location and where it would be if it shared common proper motion with
GJ 86 are overwhelmed by the pulldown in the full frame.
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2.5.5 HD 69830-1
The only source detected near HD 69830 is cut o↵ at the edge of the frame. Its estimated
photometry puts it at the [3.6]-[4.5] color boundary between stars and T-dwarfs (Figure 2.6).
There were no full-frame archival observations of this object in order to obtain better IRAC
photometry, but it does have 2MASS photometry available. HD 69830 has visibly moved
between the 2MASS epoch and our observations taken in Nov 2007, but HD 69830-1 has not,
so they do not share common proper motion.
Tanner et al. (2010) reported a candidate M companion around HD 69830, with relative
coordinates (pointing angle, separation) of -152.5 , 9.9900 and K=15.46. Assuming its K mag-
nitude to be similar to [3.6], this object is just below our sensitivity at that position (see
Figure 2.7).
2.6 Discussion and Summary
Using the combined photometry from our subarray images and the available archival full-
frame images, we found four potentially interesting candidates: one with matching brown
dwarf colors and three objects with compatible [3.6] [4.5] color lower limits. In absence of
common proper motion confirmation, we are unable to determine if these candidates are true
companions, or unrelated background quasars or mass-losing giants (see Stern et al. 2007; Reiter
et al. 2015 for typical colors of background red sources). This ambiguity could, in principle, be
resolved by acquiring JHK photometry (see Marengo and Sanchez 2009), albeit new near-IR
data capable of detecting these objects would also likely provide accurate astrometry, su cient
to test for common proper motion.
We presented details of our PSF- and artifact-subtraction procedure, in which we were able
to automatically co-align images within 0.002700 for purposes of PSF subtraction and e↵ective
removal of electronic artifacts. As anticipated, subarray observations allowed a smaller inner
working angle than full-frame observations of the same field of view, which were dominated by
PSF subtraction residuals.
57
For all stars, we calculated upper limits on unseen T- or Y-dwarfs within the mass and
projected semi-major axis ranges given in Figures 2.7 and 2.8. Outside of 1000 from most
sources, our sensitivity is in the range of 10 MJ . Our best sensitivity is for close, young stars
like GJ 849 (5 MJ) and SCRJ 1849-6357 (< 5 MJ). Our worst sensitivity (25 MJ) was for
  And due to its brightness: artifacts overwhelmed the image.
We could not confirm the existence of any new wide planetary or brown dwarf companions
around the stars in our sample. We have ruled out a section of parameter space, but there is a
degeneracy for perturbers between mass and semi-major axis. It is still possible for less-massive
companions closer than our inner working angle to exist (ongoing systematic searches with new
ground-based adaptive optics systems will explore the remaining parameter space), or there
could be some other reason for the measured high eccentricities of planets in those systems.
Follow up observations are necessary for HD 160691-8, GJ 86-1, and GJ 581-3 to obtain
3.6 µm photometry and check for common proper motion. If the candidates are confirmed,
numerical simulations will be necessary to determine whether they can account for the high
eccentricities of planets in their respective systems.
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CHAPTER 3. A HIGH-CONTRAST DIRECT IMAGING
SPITZER/IRAC SEARCH FOR WIDE COMPANIONS OF NEARBY
STARS
Modified from a paper to be submitted to The Astrophysical Journal.
A. Hulsebus, M. Marengo, J. Hora, G.Fazio, V. Tolls, K. Stapelfeldt, M. Werner, J. Carson
Abstract
Detecting and characterizing widely separated substellar-mass companions remains critical
to understanding the dynamics of planetary systems. Unseen objects of this type have the
potential to explain (through secular interactions) why the mean eccentricity of confirmed
exoplanets remains at e⇠0.20. We report the results of our Spitzer/Infrared Array Camera
(IRAC) imaging search for far-separated (200 to 2000 projected AU) substellar mass (2 to
50 MJ) companions of 22 nearby planet-host stars. We detected one object in the field of
HD 76151 with [3.6] [4.5] color compatible with a ⇠T5 dwarf. We report model-based mass
upper limits for unseen companions and discuss our PSF-subtraction techniques.
3.1 Introduction
Radial velocity (RV) and transit surveys have been wildly successful at finding planets: to
date, 3,437 planets in 2,571 planetary systems have been discovered1, with the majority of
those found by the Kepler mission (Borucki et al. 2010, Coughlin et al. 2016). One of the
1http://exoplanet.eu, as of June 20, 2016
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biggest surprises so far has been that the mean orbital eccentricity of confirmed exoplanets is
comparable to that of Mercury: 0.172 (including all sources with an eccentricity value given,
or 0.21 if we restrict the average to only those measurements with uncertainties given). That
such high eccentricity is most prominent in single planet systems (with 76%3 of planets with
e > 0.5 detected as single planets) is most puzzling. At least some could be misidentified
objects: for example, two planets in a mean-motion resonance (Koriski and Zucker, 2011),
which would appear to transit/RV studies as a single high-e planet. Assuming this scenario to
be uncommon, we are left with a puzzle. Neither gravitational-instability (Boss, 1997) nor core-
accretion (Pollack et al., 1996) planet formation scenarios describe planets forming in highly
eccentric orbits.
If these theories are accurate, then the planets must have gained this high eccentricity after
formation. Explanations like one-time scattering events (Marzari, 2002) involving a second
planet are possible, but unlikely to be observable millions of years after the fact. If a scattering
event resulted in a planetary ejection, Perets and Kouwenhoven (2012) argue that the observed
population of wide companions may consist of captured free-floating planets. However, this
would not explain all cases: Bowler et al. (2011) argue that the existence of an intact disk
around the wide-orbit-planet host star GSC 06214-00210 implies no scattering event has oc-
curred (HD 106906 also has a disk as well as a wide companion: Bailey et al. 2014). Other
explanations include perturbations by unseen companions (Juric´ and Tremaine (2008) and
Chatterjee et al. (2008) both calculate that planet-planet interactions may explain an average
e >= 0.2), below the mass-sensitivity of transit and RV methods, or secular interactions from
long-period, far-separated companions (Takeda and Rasio, 2005) outside the observation time
limits of transit/RV studies (e.g. the Kozai mechanism, Kozai (1962)).
If the high eccentricities are caused by this latter option, another question arises: while it
may be possible to form giant planets ⇠ 100 AU from the parent (Boss 2011, Piso and Youdin
2014, Vorobyov and Basu 2010, Vorobyov 2013), there is no in-situ formation scenario for the
planets discovered through direct imaging at separations of hundreds to thousands of AU (e.g.
2http://exoplanet.eu, as of June 20, 2016
3http://exoplanet.eu, as of June 20, 2016
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Luhman et al. (2007), Bailey et al. (2013), Kraus et al. (2013), Bowler et al. (2014), Ireland
et al. (2010), Aller et al. (2013), Naud et al. (2014)) from their stars. Vigan et al. (2012)
estimate that giant planets occur as companions to A stars with a frequency of 5.9%–18.8%
and brown dwarfs occur as companions with a frequency of 2.0%–8.9% (within their parameter
space of 3–14 MJ , 5–320 AU).
There are still relatively few wide-separation companions known (33 out of the more than
3400 confirmed planets), and only 41 known brown dwarfs as companions (5 of these are widely
separated)4. All have been discovered by direct imaging, because the “outer working angle”
of RV and transit methods is time-limited: it requires several exoplanet orbital periods to
confirm the exoplanet, which means tens to thousands of years to use these methods to fully
characterize the orbits of the most distant companions to exoplanet systems. Direct imaging,
conversely, is limited only by our ability to distinguish the planet from its host star. To an
outside observer at 10 pc, the contrast ratio between Jupiter and the sun is ⇠ 2⇥ 10 9, with a
separation of 0.500. The same object at a semimajor axis of 250 AU (2500) would have a contrast
ratio less than 10 12. In the infrared, direct imaging has the advantage that the planet itself
emits infrared light (dimming as the planet cools with age), so the contrast ratio is far more
manageable—the contrast ratio at 3.6µ m between a blackbody at 300 K to one at 6000 K is
⇠ 10 5—and can be overcome by means of advanced point spread function (PSF) subtraction
techniques.
For these reasons, we have conducted a search for widely separated companions of nearby
(median distance ⇠ 12 pc) stars, using Spitzer’s InfraRed Array Camera (IRAC, Fazio et al.
2004), building upon our earlier searches (Marengo et al. 2006a, 2009, Carson et al. 2011,
Hulsebus et al. 2014). Using advanced point-spread-function (PSF) roll-subtraction techniques
(described in Section 3.3), we were able to achieve a typical inner working angle of 1000 (with a
sensitivity depending on the particular star and limited by PSF-roll-subtraction residuals), and
a typical sensitivity of ⇠ 20th magnitude (representing a model-dependent mass of ⇠ 5 MJ)
from 3000 to 18000 (⇠ 150  2000 AU).
4http://exoplanet.eu, as of June 20, 2016
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Herein, we present our target list in Section 3.2, our analysis methods (Section 3.3), sensi-
tivity limits (Section 3.5), and companion candidates selected on the basis of their IRAC colors
(Section 3.4). In Section 3.6 we discuss our results.
3.2 Target selection and Observations
Our targets were acquired as part of the Spitzer program 80071 (PI Marengo). Their
properties are given in Table 3.1. They were chosen to be young (< 1Gyr) and nearby (⇠ 10
pc) stars. Some have debris disks or are binary (see notes in Table 3.1). We chose this sample
to allow the detection of 1-2MJ planets for all targets, based on expected sensitivity limits and
model-based magnitudes from Burrows et al. (2003).
By requiring our targets to have a maximum distance of ⇠ 15 pc from the Sun, we ensure
the ability to probe orbital radii as small as ⇠ 150 AU for all selected sources. The 150 AU
limit is comparable to the outer boundary radius of debris disks, associated with extrasolar
Kuiper belts, recently observed by Spitzer around young nearby stars (see e.g. Backman et al.
(2009), Su et al. (2005), Stapelfeldt et al. (2004)). Based on these criteria we selected 19 stars,
with a median age of 0.3 Gyr and a median distance of 12 pc. For a target of this age and
distance, we expected to be sensitive to 5 MJ planets with an orbital radius of 150 AU, and
1 MJ planets orbiting the star at a distance of 300 AU or larger.
Three sources with a slightly older age of 1.3 and 1.8 Gyr were added to this list because
they have debris disks. Present in 10 of our targets, large and bright debris disks are a sign
of an “unsettled” (dynamically active) system. Among di↵erent causes for this activity could
be the stirring from widely separated companions, which we may be able to image with our
proposed observations. For the same reason we included HR 8799 in our proposed target list,
despite its much larger distance (⇠ 40 pc). Its huge debris disk (extending to ⇠ 200 AU = 2500)
and demonstrated presence of wide companions makes it such an important target that Spitzer
should make as complete a study of it as possible. This has already happened with MIPS and
IRS (Su et al., 2009), but not yet with IRAC. By including HR 8799, Spitzer will complete the
observation of all massive primary stars where wide planets have already been found (as of our
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Table 3.1. Target star data
Target Dist(pc)m Age(Gyr) Sp. Type Notes
AB Dor 15.17 0.05 aj K0 ai Quadruple system
↵ Cep 15.04 1 a A8Vn n
Altair 5.13 0.01 b A7Vn n May be as old as 1.2 Gyre
AT Mic 10.7 0.02 c M4.5Ve+M4.5Ve o 400 binary flare stars, Debris diskz
AU Mic 9.91 0.02 c M1Ve p Debris diskaa
  Leo 11 0.012d A3Va q Debris disk
EP Eri 10.35 0.10 g K1V ak Debris diskae
⌘ Lep 14.88 1.8 f F2V r Debris diskaf
HD 101501 9.61 1 g G8V n
HD 135599 15.85 1 g K0V s Debris diski
HD 149661 9.75 1.5 g K1V s
HD 20630 9.14 0.35 g G5V s
HD 216803 7.61 0.4 h K4V p
HD 29697 13.19 0.5 i K3V t
HD 30495 13.28 0.6 g G1.5VCH-0.5 r Debris diskad
HD 37394 12.28 0.6 g K1V u
HD 41593 15.27 0.45 g K0V v
HD 52698 14.65 1.95 g K1V p
HD 72905 14.36 0.2 g G1.5Vb w Debris diskab
HD 76151 17.39 6.3±4.2 f G3V r Debris diskac
HR 8799 39.4 0.03 k F0+VkA5mA5 n Debris disk, 4 planets > 1MJah; possibly as old as 1 Gyrag
◆ UMa 14.51 0.62 l A7V(n)+M1V y Binary
Note. — (a) Zhao et al. (2009) (b) Peterson et al. (2006) (c) Caballero (2009) (d) Zuckerman et al. (2001) (e)
Domiciano de Souza et al. (2005) (f) Holmberg et al. (2007) (g) Mamajek and Hillenbrand (2008) (h) Mamajek (2012)
(i) Plavchan et al. (2009) (j) Nieva and Przybilla (2014) (k) Pueyo et al. (2015) (l) Stansberry et al. (2006) (m) van
Leeuwen (2007) (n) Gray et al. (2003) (o) Joy and Abt (1974) (p) Torres et al. (2006a) (q) van Belle and von Braun
(2009) (r) Gray et al. (2006) (s) Houk and Swift (1999) (t) Cannon and Pickering (1993) (u) Montes et al. (2001)
(v) Basri et al. (1989) (w) Montes et al. (2001) (x) Seifahrt et al. (2010) (y) (http://simbad.u-strasbg.fr/simbad/sim-
basic?Ident=iot+uma, Accessed June 10, 2016) (z) Plavchan et al. (2009) (aa) Kalas et al. (2004) (ab) Beichman et al.
(2006) (ac) Eiroa et al. (2013a) (ad) Greaves et al. (2009) (ae) Eiroa et al. (2013b) (af) Lawler et al. (2009) (ag) Moya
et al. (2010) (ah) Marois et al. (2010) (ai) Torres et al. (2006b) (aj) Luhman et al. (2005) (ak) Houk and Smith-Moore
(1988)
proposal date), since Fomalhaut and   Pictoris have already been imaged with our technique
(Marengo et al., 2009).
3.2.1 Observations
In Hulsebus et al. (2014), we employed IRAC’s subarray mode to minimize the inner working
angle of our search by avoiding saturation, but this came at the cost of sensitivity and field
of view. For this search, in order to achieve high sensitivity, a wide field of view (2.50), and
a minimized inner working angle, we used IRAC’s full frame mode with observations in two
epochs to be able to perform roll-subtraction. Each star was observed for a total of 25.1 minutes
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Table 3.2. Photometry of target stars
Star Ja Ha Ka Epoch 1 MJDb Epoch 2 MJDb [3.6]c [4.5]c
AB Dor 5.316±0.019 4.845±0.033 4.686±0.016 55735 55821 4.626±0.012 4.645±0.004
↵ Cep 2.154±0.298 2.134±0.176 2.066±0.242 55795 55895 1.898±0.002 1.877±0.004
Altair 0.313±0.168 0.102±0.220 0.102±0.248 55734 55891 0.208±0.003 0.191±0.004
AT Mic 5.807±0.026 5.201±0.046 4.944±0.042 55892 56101 4.585±0.003 4.550±0.007
AU Mic 5.436±0.017 4.831±0.016 4.529±0.020 55742 55892 4.389±0.010 4.399±0.006
  Leo 1.854±0.274 1.925±0.194 1.883±0.192 55760 55972 1.953±0.001 1.934±0.003
✏ Eri 4.830±0.230 4.230±0.220 4.167±0.242 55823 56020 4.004±0.002 4.030±0.002
⌘ Lep 3.063±0.246 2.985±0.232 2.993±0.254 55883 56032 2.910±0.001 2.895±0.001
HD 101501 3.988±0.242 3.648±0.228 3.588±0.036 55738 55958 3.606±0.003 3.623±0.001
HD 135599 5.484±0.018 5.115±0.027 4.958±0.017 55815 56032 4.953±0.009 5.000±0.006
HD 149661 4.446±0.276 4.053±0.208 4.039±0.234 56046 56216 3.838±0.004 3.861±0.002
HD 20630 3.407±0.192 3.039±0.182 2.957±0.212 56013 56217 3.285±0.002 3.291±0.001
HD 216803 4.533±0.037 3.804±0.210 3.805±0.240 55765 55933 3.813±0.003 3.848±0.003
HD 29697 5.854±0.019 5.310±0.020 5.146±0.020 55890 56028 5.109±0.011 5.156±0.008
HD 30495 4.466±0.254 4.116±0.236 3.999±0.036 55876 56020 3.988±0.003 3.998±0.002
HD 37394 4.304±0.262 3.991±0.244 4.272±0.018 55890 56037 4.284±0.008 4.319±0.011
HD 41593 5.317±0.018 4.942±0.038 4.822±0.017 55886 56045 4.850±0.009 4.886±0.007
HD 52698 5.152±0.017 4.845±0.047 4.636±0.015 55732 55936 4.610±0.006 4.662±0.004
HD 72905 4.348±0.214 4.282±0.036 4.173±0.036 55933 56055 4.173±0.003 4.185±0.003
HD 76151 4.871±0.037 4.625±0.276 4.456±0.023 55937 55732 4.478±0.004 4.507±0.002
HR 8799 5.383±0.027 5.280±0.018 5.240±0.018 55797 55944 5.276±0.017 5.291±0.012
◆ UMa 2.781±0.230 2.763±0.184 2.660±0.240 55736 55937 2.648±0.001 2.634±0.003
Note. — (a) Magnitudes from 2MASS (b) MJD = JD - 2400000.5, rounded to nearest day (c) Average of both epochs. Listed
errors are systematic PSF scaling errors and do not include the error of the IRAC flux of Vega (0.016 mag), nor the IRAC PSF
calibration error (0.15 - 0.2%).
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using 145 exposures of 10.4 seconds each. The exposure time was chosen as a compromise to
achieve high S/N: a longer exposure would have allowed us to see fainter objects, but at the
cost of a worse inner working angle due to saturation of the primary star. These exposures
were dithered in a 36-point small Reuleaux pattern with 4 exposures in each position. These
observations were repeated ⇠six months later to allow Spitzer to roll in its orbit by ⇠ 180 deg.
This angular di↵erence let IRAC’s PSF fall on di↵erent pixels of the array for one epoch
compared to the other, and allowed us to perform “roll-subtraction” of the PSF to reduce the
inner working angle almost all the way to the saturated core.
3.3 Data Analysis
In order to detect faint objects as close as possible to our target stars, we needed to sub-
tract the light from the primary’s point spread function (PSF). IRAC’s thermal stability and
linearity makes it possible to scale and subtract (Marengo et al. 2009, Hulsebus et al. 2014) a
reference PSF to achieve higher sensitivity near to the central bright source (the reference PSF
was created specifically for IRAC’s warm mission using the IRAC mosaic images of our pro-
gram’s stars, see Hora et al. 2012). However, while the PSF itself is linear, electronic artifacts
(“muxstripe” and “pulldown”, described in Section 3.3.1) depend non-linearly on the bright-
ness of the star being observed. To subtract the pulldown accurately requires a PSF created
from a star of the same brightness as the one being observed, or to use multiple exposures of
the same star taken at di↵erent roll angles. This process was performed on a subsampled pixel
grid of 0.2400/pix, or 1/5th of the native IRAC pixel scale. Unless explicitly stated, the term
“pixel” will hereafter refer to this 0.2400 scale.
Spitzer naturally rolls in its orbit, so exposures taken at di↵erent times have di↵erent
orientations relative to the pixel grid. Since the point-spread function and any electronic
artifacts are tied to the telescope orientation (hence to the pixel grid), we can subtract any
features common to the pixel grid of the two images to produce a clean result. Thus, we created
a model of the PSF and the electronic artifacts, subtracted it from the images of each epoch,
then aligned and co-added them to create the final image.
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3.3.1 Image Alignment and PSF Subtraction
Our data analysis method builds on the techniques used in Marengo et al. (2009), and
Hulsebus et al. (2014). The initial IRAC basic calibrated data (BCD) images, processed by
IRAC Pipeline version S18.18.0, were co-added together using the standard Spitzer Science
Center MOPEX software (Makovoz and Khan, 2005) to create a mosaic for each target, for
two epochs (dates shown in Table 3.2), and both 3.6 and 4.5 micron (IRAC channels 1 and
2). To subtract the PSF and co-align the images, four parameters were needed: x and y
center coordinates, a multiplicative scaling factor, and a linear pedestal o↵set. These were
iteratively determined by shifting the center coordinates until the PSF-subtraction residuals
were minimized and symmetric with respect to the center.
We determined a first guess for x,y center coordinates by calculating the stationary points
of the numerical gradient of the core of the PSF along three axes separated by 120 degrees.
This technique, which we developed in Hulsebus et al. (2014), is however fully e↵ective only
for unsaturated images: for the saturated stars in this study we needed to further improve
the centering using the iterative technique shown in Figure 3.1. This allowed us to refine
the centers within 1-2% of an IRAC pixel, or ⇠ 0.0200. There were three exceptions to this
procedure: AB Dor is a quadruple system, and the light from its binary companion encroached
on the light from the primary binary; all scaling and centering of both PSFs was performed
manually. The other two exceptions were also binaries: the two stars each of AT Mic and ◆ UMa
combine to form an elongated PSF. We did not attempt to subtract both PSFs independently,
instead subtracting one PSF from the approximate center of each binary. This produced an
interference pattern that widened our inner working angle around both objects. Better precision
could perhaps be achieved through careful construction and subtraction of a paired PSF for
these two objects.
For each iteration of di↵erent center coordinates, we projected the PSF on the image pixel
grid, using bilinear interpolation. We then calculated a subtracted image iterating over di↵erent
values of the scaling factor, until the radial profile of the subtracted image was flat. Since the
PSF derived in Hora et al. (2012) was normalized to have the same flux as Vega, the best fit
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Figure 3.1 A demonstration of the appearance of a misaligned PSF. The center panel shows
“correct” centering, while the other panels show the subtraction resulting from a PSF mis-
aligned by 1/20th of the original IRAC pixels (0.0600) in the direction indicated by the arrow.
The center dark area of each image is oversubtracted due to saturation. Our method is capable
of correctly centering to 1-2% of an IRAC pixel (⇠ 0.0200).
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scaling factor is equivalent to the ratio between the flux of the star and Vega. For each target
star, we list its average photometry between the two epochs in Table 3.2 along with its 2MASS
photometry.
We used the mode of each epoch image to determine its background (pedestal o↵set),
calculated as the center of a gaussian fit to a histogram of pixel values across the whole image.
This pedestal was then subtracted from both epochs.
Several images contained bright stars (other than the primary star) whose PSFs were af-
fecting large portions of the image. To be able to search as much as the frame as possible
for faint sources, we also PSF-subtracted these bright sources. This was achieved by first
PSF-subtracting the central star, calculating center coordinates and a scaling factor for any
additional bright sources, then using those values to subtract the bright sources from the initial
data image. This produced an image that retained the central bright source but was lacking the
glaring secondary sources. From that point, all images could be treated in the same manner.
While these secondary subtractions revealed more faint sources than were previously visible,
the subtraction residuals were stronger (visible in Figure 3.10) because the shape of the PSF
changes dramatically with position on the array. Using a PSF designed for the same position
of the array as the secondary bright sources could further improve visibility.
3.3.2 Roll Subtraction
While the PSF of IRAC is linear with respect to star brightness up to 10,000 DN (12,000 DN
in ch 2), the “pulldown” (a bias shift of the columns near a bright source, caused by pixel(s)
with excess charge) is not. Because the reference PSF was made of many stars of di↵ering
brightness, it does not model the pulldown well. While it was created using the same dithering
as our stars, the IRAC PSF was cropped to be the size of the pixel array, but our images are
un-cropped, so they are larger than the PSF image.
To correct for these limitations, we used the center coordinates and scale factors to create
a new “star-specific PSF” for each star, mapping those features common to both un-rotated
images, for both epochs in each channel. Each star-specific PSF consists of the IRAC reference
PSF, where available, with its central columns (corresponding to the e↵ective width of the
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A B C D E
Figure 3.2 A demonstration of the roll-subtraction process. The top row is epoch 1; the bottom
row is epoch 2. A) The initial mosaic image. B) The star-specific PSF, as described in section
3.3.2. C) The result of subtracting the star-specific PSF from the mosaic. Note the remnant
muxstriping. D) A model of the muxstripe artifacts, as the median of each column, limited to
the coverage of the reference PSF. In the pulldown region, the model is calculated separately
above and below the source. E) The final processed epoch 1 image.
pulldown for that source) masked o↵. The remaining areas were filled with the minimum value
at that location of the two epoch images. Because we have only two roll angles, if two bright
sources happen to align in both epoch images, this appears in the final star-specific PSF. To
mitigate edge e↵ects, we required all detected sources to lie on a part of the image covered by
both channels, in both epochs.
To perform the roll subtraction, each data image was shifted to the center of the frame. The
star-specific PSF was subtracted from each epoch. The pedestal background was calculated
and subtracted. Then residual column striping (the “muxstripe” pattern resulting from excess
charge from a bright source unbalancing the readout channel) was removed by subtracting the
median of columns, separately above and below the source. (see Figure 3.2) The two epochs
were then rotated to north-up and co-aligned using bright sources in each image. The mean of
the two became the final image (Figure 3.3. This process was repeated for both IRAC bands.
All images are presented in APPENDIX A.
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Figure 3.3 A demonstration of the image combination process. Epoch 1 (left) and epoch 2
(center) are rotated to north-up. The final image (right) is the mean of the two. Note the
scattered light visible in epoch 1 is still partially present in the final roll-subtracted image; we
did not correct these artifacts as they don’t a↵ect the search for point sources.
3.3.3 Source detection and Photometry
3.3.3.1 Color-magnitude selection
This subtraction revealed approximately 2000 sources per frame (a typical final roll-subtracted
image is shown in Figure 3.4), detected using the IDL “aper” routine, part of the “Astrolib”
package based on DAOPHOT (Stetson, 1987). We performed aperture photometry using an
aperture diameter of 200, then tested whether their photometry was compatible with T-dwarfs,
Y-dwarfs, or mass-based models, based on their expected 4.5-micron absolute magnitude (as-
suming they were at the same distance as the parent star) and [3.6]-[4.5] color. We used the
mass-based model magnitudes from (Burrows et al., 2003) for the age (see Section 3.5) and
distance of each source, for 1, 2, 5, 7, 10, 15, 20, and 25 MJup. A typical HR diagram of the
sources detected in a frame is displayed in Figure 3.5. Objects falling within 3 sigma of the
scatter around a linear fit of the T-dwarf points, or within that same distance from a linear
fit to the mass-based models, were visually examined; any sources a↵ected by crowding or ar-
tifacts were discarded. We also discarded any sources with [3.6]-[4.5]<0.5: although L-dwarfs
lie in this region, their [3.6]-[4.5]⇠0 color makes them indistinguishable from background main
sequence stars. Two sources survived these cuts, discussed in section 3.4.
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Figure 3.4 The final roll-subtracted image of HD 76151, with the single source (1433) that
passed our color-selection criteria labeled. The inset at bottom right shows a zoomed-in view
of the source, 3.6 µm on the left, 4.5 µm on the right. The circle demonstrates the 200 aperture
used for photometry. The center of the small second source is outside of the aperture.
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Figure 3.5 A mid-infrared HR diagram of all detected sources > 3  above background with
band 2 FWHM of 10.1 pixels (5x subsampling of native IRAC resolution), within our field of
view of HD76151 (Figure 3.4), assuming each to be at the distance of its target star. The
dotted purple lines are ±3  away from the best-fit line of the T-dwarfs. The dashed purple
line is that same distance above the age-dependent mass models. Sources beneath the dashed
purple line and the lowermost dotted purple line were visually inspected; all noisy or non-round
sources were rejected, leaving only source 1433 (highlighted in blue). Discarded sources are
shown in muted colors: green for sources matched with 2MASS, blue for sources detected in
both IRAC bands, red for sources detected only in band 2. Age-dependent model magnitudes
for a range of planetary masses (Burrows et al., 2003) are plotted with diamonds; asterisks
show a selection of published L-dwarfs, while published T- and Y- dwarfs are displayed as plus
signs and squares, respectively (L & T photometry from Patten et al. 2006; Y photometry from
Ashby et al. 2009).
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3.3.3.2 Proper motion confirmation
Separately from the photometric cuts described above, we also looked for any potential
companions by using 2MASS (Skrutskie et al., 2006) as a second epoch in order to check for
common proper motion with the primary star (⇠10-year baseline). Since nearly all the sources
in the frame are below the sensitivity of 2MASS (14.3 mag for Ks Skrutskie et al. 2006), it
was only possible to test common proper motion for the subset of the brightest sources we had
in common with 2MASS (this included most, but not all, of the sources falling in the L-dwarf
region of the HR diagram). We accomplished this by comparing the expected position change
of all sources in the frame with 1. zero average motion and 2. the expected proper motion of
the parent object. In all cases except for ↵ Cep, the results were either ambiguous (sources
with motion compatible with both the target and “zero” proper motion), or had proper motion
clearly incompatible the expected motion of the target sources. For ↵ Cep (Figure 3.6), one
source was just outside of 3-sigma from “zero” proper motion and within 1-sigma of common
proper motion. However, it doesn’t match our color-magnitude criteria, since it is ⇠7 mag too
faint to be a substellar companion with its measured [3.6]-[4.6]⇠0 color.
3.4 Color-selected companion candidate
Our color cuts left two remaining sources, shown in Figure 3.7. One, HD 29697-914, has
colors compatible with a T3-dwarf, but it also was observed by 2MASS, so we were able to
use the 2MASS observations as a second epoch to determine that it has incompatible proper
motion with HD 29697 to be a companion (Figure 3.8).
3.4.1 HD 76151-1433
HD 76151-1433 (see Table 3.3, Figure 3.4) has mid-IR colors similar to a ⇠ T5 dwarf,
assuming it to be at the same distance as HD 76151. There is a second source nearby that
could be a↵ecting our photometry (see inset, Figure 3.4), though the center of the second source
is outside our photometric aperture. It is located 12400 from the primary, which would give it
a projected separation of ⇠ 2000 AU, if a bound companion
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Figure 3.6 The elapsed proper motion of all 2MASS sources in the field of ↵ Cep, compared
with the proper motion of the star itself.
Table 3.3. Photometry of candidate companion
Parent star Ref num RA Dec Rad PA [3.6] [4.5]
HD 76151 1433 133.56163 -5.40202 12400 69.5  15.83 ± 00.04 14.83 ± 00.03
74
Figure 3.7 Sources meeting our color-selection criteria, after examining all sources except for
HR 8799.
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Figure 3.8 The measured proper motion of all 2MASS objects in the frame of HD 29697,
compared to the proper motion of the central star. Source 914 passed our color selection
criteria, but does not share common proper motion with HD 29697.
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Figure 3.9 All sources matching our color-selection criteria in the field of HR 8799, with the
caveat that the sources with large [3.6]-[4.5] color that generally appear at the bottom of the
HR diagram (see, for example, 3.5) are now beginning to overlap our fiducial region because of
the distance to HR 8799.
3.4.2 HR 8799
HR 8799 is located almost 40 pc from Earth, which is considerably farther than the other
stars in our sample. Because of that, the cluster of red objects (likely giant stars and galaxies)
that is usually at the bottom of each source’s HR diagram (e.g. 3.5), appears much higher and
begins to overlap our fiducial color-selection region. Therefore, we have included our color-
selected companion candidates for HR 8799 separately, shown in Figure 3.10, with HR diagram
showing our color-selection criteria in Figure 3.9 and with properties listed in Table 3.4.
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Figure 3.10 The roll-subtracted 4.5 µm image of HR 8799 with red arrows indicating all sources
matching our color-selection criteria in the field of HR 8799, with the caveat that the sources
with large [3.6]-[4.5] color that generally appear at the bottom of the HR diagram (see, for
example, 3.5) are now beginning to overlap our fiducial region because of the distance to
HR 8799. Note the stronger residuals from the second PSF-subtracted bright source, due to
the change in the shape of the PSF with position on the array.
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Table 3.4. Photometry of candidate companion
Parent star Ref num RA Dec Rad PA [3.6] [4.5]
HR 8799 157 346.84304 21.09144 178 00 -59   17.63 ± 00.09 16.78 ± 00.08
HR 8799 392 346.89327 21.10282 137 00 -125   17.55 ± 00.09 16.79 ± 00.08
HR 8799 420 346.87881 21.10482 110 00 -106   17.78 ± 00.10 16.89 ± 00.08
HR 8799 447 346.90415 21.1062 152 00 -139   16.59 ± 00.06 16.00 ± 00.06
HR 8799 468 346.85497 21.10748 108 00 -62   17.20 ± 00.08 16.53 ± 00.07
HR 8799 653 346.85111 21.11829 85 00 -42   15.27 ± 00.03 14.45 ± 00.03
HR 8799 704 346.90978 21.12054 142 00 -160   16.56 ± 00.06 15.58 ± 00.05
HR 8799 998 346.86891 21.13529 6 00 49   14.89 ± 00.03 13.66 ± 00.02
HR 8799 1071 346.86616 21.13884 21 00 53   16.54 ± 00.06 15.61 ± 00.05
HR 8799 1136 346.84989 21.14165 73 00 22   16.04 ± 00.04 15.36 ± 00.04
HR 8799 1255 346.84546 21.14788 96 00 31   16.25 ± 00.05 15.54 ± 00.05
HR 8799 1461 346.87206 21.1584 88 00 95   17.47 ± 00.09 16.78 ± 00.08
3.5 Sensitivity
For each target, in both IRAC bands, we calculated sensitivity limits (Figures 3.11) for
unseen sources in a similar manner to Hulsebus et al. (2014). Our ability to detect sources
depends on the local background noise level, which is generally highest at the location of the
central source and decreases radially outward, with azimuthal deviations due to PSF spikes
and other features.
Sensitivity curves were produced as the noise-equivalent flux density (NEFD) as a function
of radial distance from the star. This was calculated from the sigma of a double-Gaussian fit
to the histogram of the background of each annulus of width equal to the IRAC FWHM (1.9400
for 3.6 µm, 2.0200 for 4.5 µm), overlapping the next annulus by half of the IRAC FWHM, in
each IRAC channel. We achieved typical sensitivity of 20th magnitude in both IRAC bands
outside of ⇠ 2500, and reached a sensitivity of 16th magnitude (limited by PSF subtraction
residuals) as close as ⇠ 1000. This represents a 1 to 3 magnitude improvement over our subarray
measurements (Hulsebus et al., 2014) from 1000   2500, but at the cost of 500 of inner working
angle.
Estimated [3.6] magnitudes of planets are overplotted on Figures 3.11 based on models
available from Burrows et al. (2003) for 1-25 MJ . We give these limits in 3.6 µm because this
band limits our sensitivity; a very red source would drop in band 1 but still be visible in band
2. There were too many red dropout sources to visually verify, so reporting the limit based on
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band 1 provides an accurate estimate of our detection sensitivity. The minimum model age was
0.1 Gyr, which represents an underestimate of our sensitivity for objects younger than that.
The grid of models includes ages 0.1, 0.3, 1, 3, and 5 Gyr. To estimate the age for targets
falling in this range, we performed a linear interpolation between the adjacent model points.
One star has an age of 6 Gyr, while our oldest model was 5 Gyr, so our sensitivity is slightly
overestimated for that source.
3.6 Summary
Giant planets form in ⇠ 106 years (Bouvier, 2008), much younger than the stars in our
sample. Observations of the systems 107 years after formation do not give direct evidence of
formation mechanisms, but can help put constraints on formation scenarios (e.g. see discus-
sion in Chabrier et al. 2014). In particular, the sample in this chapter provides much more
constraining mass upper limits than for the older RV planet sample presented in CHAPTER 2.
Our full frame sensitivity is 1-3 magnitudes deeper than our subarray survey from 1000  
2500, and extends that sensitivity (to 20th magnitude objects) out to 18000. Compared to the
subarray campaign, our mass constraints on unseen objects are much more stringent: our mean
sensitivity is to objects > 5 MJup from approximately 200 to 2000 projected au, and reaches as
low as > 2 MJup for 9 of our targets. These sensitivity numbers are based on objects detected
in both 3.6 and 4.5 µm, and are therefore conservative.
Follow-up observations of the candidate companions detected in the fields of HD 76151 and
HR 8799 are necessary to check common proper motion, as well as spectroscopy to confirm
brown dwarf/planet status.
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Figure 3.11 Radial sensitivity curves in 3.6 µm (solid) and 4.5 µm (dashed) are shown for each
star. Vertical dotted lines show projected semi-major axis related to radial separation for each
star. Horizontal dotted lines show model 3.6 µm magnitude estimates from Burrows et al.
(2003) for a range of potential companion masses, given the estimated age of each star.
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Figure 3.12 Figure 3.11, continued.
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Figure 3.13 Figure 3.11, continued. The green star shows the location of the candidate in
parameter space.
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CHAPTER 4. SUMMARY AND DISCUSSION
4.1 Summary of observing campaigns
As described in the preceding two chapters, we conducted two surveys of nearby stars using
Spitzer/IRAC to search for widely separated companions.
Our first survey specifically targeted stars known to be host to exoplanets, located within
15 pc of Earth. It made use of IRAC’s short-exposure 32x32 pixel thumbnail (“subarray”) mode
to reduce saturation of the array, thereby reducing our inner working angle compared to what
would be possible using the shortest exposures in full-frame mode. By building and employing
a custom software pipeline, elaborating from the subarray technique used in Marengo et al.
(2009), I was able to create and subtract an IRAC-warm-mission subarray PSF (subsequently
provided to the Spitzer Science Center) for each source, correct for electronic artifacts, and
reduce our inner working angle to ⇠ 400 for objects brighter than 11th magnitude, and 700 for
objects 15th magnitude or brighter. Our highest sensitivity (to 17th magnitude objects) was
reached from ⇠ 1000  2500 (mean 110–275 au) around all but the brightest stars, corresponding
to a model-based mass limit of non-detected objects of ⇠ 10 MJ .
Our second survey was comprised of close young stars (< 1 Gyr; within 10 pc), some of
which were known to have debris disks. We found that our subarray observations had a close
inner working angle, but at the expense of sensitivity and field of view. In order to have high
sensitivity, a wide field of view, as well as a close inner working angle, we used 145 short
exposures (10.4 sec each) of the full IRAC array, for a total of 25.1 minutes of exposure for
each source. These observations were repeated ⇠six months later to give Spitzer a chance
to roll in its orbit by a significant fraction. This angular di↵erence let IRAC’s PSF fall on
di↵erent pixels of the array for one epoch compared to the other, and allowed us to perform
84
“roll-subtraction” of the PSF to reduce the inner working angle. As in the subarray survey, I
built and used a custom software pipeline to subtract the PSF and remove electronic artifacts,
this time based on the roll-subtraction technique in Marengo et al. (2009). We achieved typical
sensitivity of 20th magnitude in both IRAC bands outside of ⇠ 2500, and reached a sensitivity
of 16th magnitude (limited by PSF subtraction residuals) as close as ⇠ 1000. This represents a
1-3 magnitude improvement over our subarray measurements from 1000   2500, but at the cost
of 500 of inner working angle. Our mean sensitivity is to objects > 5 MJup from approximately
200 to 2000 projected au.
4.2 Discussion of sensitivity limits
For all of our sources, we have provided limits on the masses of any unseen objects within
our parameter space for each star, based on the noise-equivalent flux density at a given radius
in the images. We have used the star’s distance from Earth and age-dependent planet models
to calculate mass limits at a given projected separations (in AU). Bowler (2016) conducted a
meta-analysis of wide-planet surveys and report (see their Figure 11) that 50% of stars were
surveyed with a mean sensitivity to objects > 10 MJup from 40–300 au, and 10% of stars with
a sensitivity > 2 MJup in the same projected distance range. Comparing our results with their
Figure 11, our typical subarray sensitivity extends slightly deeper than 50% of surveyed stars,
while our mean full-frame sensitivity is deeper than their 70%, for their respective projected
AU ranges. Nine of our stars achieved sensitivity down to objects > 2MJup, for their respective
AU ranges (deeper than roughly 90% of the stars in the Bowler (2016) meta-survey).
In a larger context, our results would seem to support the hypothesis that giant planets
as far-separated companions are rare (Bowler 2016 find less than 1% of stars have a 5-13MJup
companion from 30–300 AU). If secular e↵ects are the cause of increased eccentricity of exo-
planet systems, then they might involve objects outside of our parameter space (closer to the
star, or less massive than our detection limits). We would expect any perturbers to have higher
mass than the planets they are a↵ecting, so constraints on the mass of far-separated objects
places constraints on perturbation scenarios. There are no known planets around the stars
in our full-frame campaign, for which we have provided more stringent mass limits on wide
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companions over a broad range of projected distances. In the subarray campaign, we have
restricted the mass of possible perturbing objects within our field of view.
4.3 The future of space-based, high-contrast infrared imaging
Following Spitzer, the next generation infrared space observatory will be the James Webb
Space Telescope (Gardner et al., 2006). Its near infrared camera, NIRCam (Horner and Rieke,
2004), will have similar wavelength coverage (0.6–2.3 µm and 2.4–5.0 µm) to IRAC’s channels
1 and 2, but vastly superior sensitivity (nanoJansky compared to microJansky). A single
NIRCam image will cover about 1/5th the sky area of IRAC (2.20 ⇥ 2.20 compared to 50 ⇥ 50),
but with a much higher pixel density (ch 1: 0.03200/pixel, ch 2: 0.06500, Horner and Rieke
2004). Unlike IRAC, NIRCam will have selectable coronographs (Krist et al., 2009), allowing
some suppression of starlight for high-contrast imaging, with the caveat that the wings of its
PSF will still need to be subtracted (Krist et al., 2007). Nevertheless, this should allow inner
working angles better than 100, and detection of ⇠Gyrs-old, Jupiter-mass planets outside of a
few AU from their stars (e.g. Green et al. 2005, Krist et al. 2007).
4.4 Future observations
In both our full-frame and subarray IRAC observations, we found several objects that have
compatible IRAC colors with substellar companions. These will require follow-up observations
to test whether the candidates share common proper motion with the target stars, and whether
they have spectra matching brown dwarfs or giant planets (as opposed to red, evolved stars or
galaxies).
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APPENDIX ALL ROLL-SUBTRACTED IMAGES FROM FULL
FRAME CAMPAIGN
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